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The nature of thermal radiative transfer changes significantly as the nominal
gap between two objects becomes comparable to or smaller than the charac-
teristic wavelength given by Wien’s displacement law. At larger gaps, con-
ventional theory of blackbody radiation is sufficient to describe the radiative
transfer; at smaller gaps, however, wave effects such as evanescent wave tun-
neling, interference and diffraction render the classical theory invalid. The
change in radiative transfer between two objects is most dramatic when they
can support electromagnetic surface polaritons because of the high local den-
sity of states at the interface between the object and vacuum. When two
objects of polar dielectric materials are close enough, the enhanced near-field
radiation due to surface phonon polariton tunneling can exceed the blackbody
limit by several orders of magnitude. This enhanced radiation at nanoscale
has potential applications in energy transfer, heat assisted magnetic recording
and near-field radiative cooling.
In recent years, several experiments measuring the enhanced near-field ra-
diation between a micro-sphere and a plane substrate have been reported. To
measure the radiative transfer, the magnitude of which can be less than 10
nW, the sensor of choice is the bi-material micro-cantilever. My thesis has
focused on two aspects of near-field radiative transfer between a micro-sphere
and a substrate: (1) to enable quantitative comparison between experimen-
tal measurement and theoretical/numerical prediction of near-field radiative
transfer. (2) to develop a comprehensive thermal model for the experimental
measurement procedure. To enable the first task, an improved experimental
apparatus to measure the near-field radiation between a micro-sphere and a
substrate has been developed. In previous experimental apparatuses, radiative
transfer was measured between a micro-sphere and a truncated plane surface.
This was necessary because of the optical configuration. Our new apparatus
overcomes this drawback with a newly designed optical path. With this new
apparatus, the experiments are truly between a micro-sphere and an infinite
plane. Measurements for micro-spheres with wide range of radii from 2.5 µm
to 25 µm have been conducted. The experimental measurements are com-
pared to the numerical prediction using the modified proximity proximation.
In contrast to van der Waals force and Casimir force measurements in which
the proximity approximation agree better when applied to larger spheres, in
radiative heat transfer measurements, the modified proximity approximation
agree better for smaller spheres. This surprising finding is explained by the
difference in nature of radiative transfer and forces. To go along with the
improved apparatus, we have also modified the method of data acquisition,
calibration procedures and the thermal model for the experiment. In terms of
data collection, we can now eliminate the effects of spurious forces; the second
change we have implemented in the experiment is that the substrate is trans-
lated at a constant velocity, as opposed to discrete steps. We have developed
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Chapter 1
Introduction
Electromagnetic waves emitted by any object due to finite temperature-induced
fluctuations of charges are known as thermal radiation. When the separation
between two objects is much larger than the characteristic wavelength given
by Wien’s displacement law:
λT ' 1.27h¯c/kBT (1.1)
where 2pih¯ is Plancks constant, c is the speed of light in vacuum, kB is the
Boltzmann constant, and T is the absolute temperature, the wave nature of ra-
diative transfer can be neglected. Under these circumstances, radiative trans-
fer can be analyzed using the classical theory of radiative transfer based on
Planck’s law with additional concepts such as emissivity and view factor [1].
Blackbody radiation serves as the upper limit in far-field radiative transfer.
When the spacing between the two bodies involved in radiative transfer is
comparable to or smaller than the characteristic wavelength λT , blackbody
theory is no longer valid; under these situations near-field effects become im-
portant. ”Near-field effects” refer to the collective influence of wave effects
such as diffraction, interference and evanescent wave tunneling. Near-field ef-
fects are ignored by classical radiative transfer theory. It is predicted that the
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near-field radiative transfer can exceed blackbody radiation by several orders
of magnitude because of surface phonon polariton resonance [2].
The scientific and technological importance of near-field radiation pertains
to research in areas such as magnetic recording [3; 4; 5], energy conversion [6;
7; 8; 9; 10; 11; 12; 13; 14], nano-fabrication [15; 16], near-field imaging [17] and
near-field radiative cooling [18]. Near-field radiation has found applications in
the hard drive industry. When conventional magnetic recording technologies
approach the superparamagnetic limit [19], heat-assisted magnetic recording
(HAMR) offers a potential solution to extend the areal density in hard drive
disks. In 2012 Seagate demonstrated the first hard drive in the world with areal
density higher than 1 Tb/in2 with HAMR technology. Near-field transducers
are used in HAMR heads to achieve the goal of increasing the near-field trans-
mission and decreasing the spot size below the diffraction limit at the same
time[3; 4; 5].
Thermophotovoltaic energy conversion is another area that benefits from
enhanced near-field radiation. Thermophotovoltaic (TPV) systems convert
radiated thermal energy directly into electricity from various heat sources
like nuclear reactors [20], fossil fuel furnaces [21] and waste heat [22]. It has
long been considered as a promising energy solution for civil and military ap-
plications because of silent operation and versatility in fuel selection [6; 7;
8], but the issues of low efficiency and low throughput prevent the technol-
ogy from being widely deployed in the real world [23]. One technique to help
increase TPV system throughput is to reduce the gap between the radiator
and the TPV cell so that the enhancement from near-field radiation can be
utilized. This technique is called “near-field TPV” and has attracted consid-
erable attention in research [9; 10; 11; 12; 13]. A prototype of “micron gap”
TPV system developed by MTPV Corp. [14] showed significant performance
improvements with respect to conventional far-field TPV systems.
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Near-field radiation has also brought new interests in the emerging research
fields of nanophotolithography [15; 16], near-field infrared imaging [17] and
near-field radiative cooling [18].
1.1 Near-field radiation: theoretical and ex-
perimental backgrounds
1.1.1 Theory
To describe the relation between thermal radiation and its interaction with
matter in both near-field and far-field, Rytov developed a theoretical frame-
work of fluctuational electrodynamics by combining the fluctuation dissipation
theorem from statistical physics with Maxwell equations that govern electro-
magnetic fields [24]. From the point of view of fluctuational electrodynamics,
thermal radiation is generated by the fluctuation in the volumetric densities of
charges and currents in objects because of random motion of charged particles
induced by thermal energy. The fluctuational electrodynamics approach is the
key to the study of near-field radiation since it enables the calculation of radia-
tive transfer directly from the Maxwell equations. Polder and Van Hove [25]
used Rytov’s theory of fluctuational electrodynamics for the first time to cal-
culate the near-field radiative transfer between two semi-infinite flat objects.
Pendry expressed the wave vectors in terms of “heat channels” and discussed
the maximum heat flow in a channel using quantum information theory [26].
Volokitin and Persson investigated numerically the dependence of the heat flux
on the dielectric properties of the bodies [27] and derived the upper bound of
radiative transfer at room temperature to be 1012 Wm−2 [28]. Mulet et al.
[29] calculated the near-field radiative transfer between a dipole and a very
close plane substrate. The theory of near-field radiative transfer has been em-
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ployed to predict the enhanced near-field radiation between metallic [25; 30;
26] and dielectric [2; 31] materials.
The enhancement in near-field radiative transfer has been attributed to
tunneling of evanescent waves and electromagnetic surface polaritons [32; 33;
29; 2; 34; 35]. Evanescent waves exist at the interfaces between two medium
with different refractive indices. As shown in Figure 1.1 (a), when a trav-
eling electromagnetic wave in one medium encounters the interface with the
second medium which is optically rarer than the first one with an incident
angle larger than the critical angle, total internal reflection occurs and the
transmitted wave becomes evanescent in the second medium. The amplitude
of evanescent waves decays exponentially in the second medium and it does
not transport energy as the average Poynting vector normal to the interface
is zero. However, when a third medium with refractive index greater than the
second medium is brought close to the interface so that the gap between the
first and the third medium is less than the wavelength, as shown in Figure 1.1
(b), evanescent wave can tunnel through the gap and actually transport energy
[36]. Surface plasmon polariton is the resonant coupling between photons and
coherent electron oscillations at the interface of two materials; surface phonon
polariton is the resonant coupling between photons and optical phonons at
the surface of polar dielectric material such as SiO2, SiC and BN. For both
polaritons, the real part of the dielectric function of the two materials at the
polariton frequency will have opposite sign and both of them are modes of
systems that have large local density of states (LDOS) at the surface and
can be resonantly excited. The LDOS at surface polariton frequency is large
only near the vicinity of the surface and decays rapidly as distance from the
surface becomes larger. Surface plasmon polaritons usually exist at the in-
terface between metal and dielectric materials and their peaks of LDOS are
usually in the visible or ultra-violet spectrum; in comparison, surface phonon
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Figure 1.1: (a) When medium III is far away from the interface between
medium I and medium II, evanescent waves exist but do not transfer energy
into medium II; (b) When the separation between medium III and I is smaller
than the wavelength, evanescent waves tunnel through the gap from medium
I into medium III with non-zero energy.
polaritons exhibit large peaks in infrared range. Hence they can be thermally
excited at room temperature and can contribute to the near-field radiative
transfer. Mulet et al. [2] predicted that the near-field radiation between two
semi-infinite objects can exceed the blackbody radiation when they support
surface phonon polaritons.
1.1.2 Experiments
Researche on experimental validation of enhancement in near-field radiative
transfer started in the late 1960s, even before the theory of fluctuational elec-
trodynamics theory was used by Polder and Van Hove to calculate near-field
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radiation. Domoto et al. [37] measured the radiative heat flux between two
parallel copper plates 8.5 cm in diameter under liquid helium temperature
for spacings between 1 µm and 200 µm. Although the observed near-field
radiation was about two times larger than the far-field radiation, the to-
tal radiation was only 3 % of the blackbody limit. Hargreaves investigated
the near-field radiation between two chromium plates at room temperature
and noticed that the increase of near-field radiation at the separation of 1.5
µm was five-fold when compared to far-field radiation, but the total heat
flux was still less than half of what is expected from blackbody theory [38;
39]. Xu et al. [40] reported the first experiment to measure near-field radia-
tion for gap smaller than 1 µm. The measurement was performed between a
flathead indium needle and a gold plate, however, the results showed less in-
crease than theoretical prediction. Kittel et al. [41] and Wischnath et al. [42]
measured the near-field radiation between a scanning tunnelling microscope
(STM) tip coated with gold and flat planes of gold and gallium nitride. The
measured enhancement for gaps larger than 10 nm was clear, but saturated for
smaller gaps. More recently, Hu et al. [43] observed that the near-field radia-
tion between two glass plates exceeded the blackbody limit by 35 % when the
gap was 1.6 µm. In that experiment polystyrene micro-spheres were used as
spacers. Ottens et al. [44] measured near-field radiation between two macro-
scopic sapphire plates and their results exceeded the blackbody limit by ∼
25 % at a gap of 4 µm. Neither of the two experiments conducted between
macroscopic flat plates was able to measure for gaps smaller than 1 µm.
Based on measurement configurations, all above experiments fall into one of
the two categories: (1) two parallel planar surfaces and (2) a point (such as the
tip of a STM probe) and a plane. For measurements between two macroscopic
parallel surfaces, no measurement has been performed for spacing smaller than
1 µm so far because of the technical challenges in maintaining two high quality
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dust free surfaces parallel to each other with sub-micron spacing. However sub-
micron gaps are most important because the largest enhancement is found at
such gaps. For the measurements between a tip and a substrate, decreased
heat transfer due to the small tip (dimension in nanometers) makes reliable
measurement more challenging. Moreover, the complicated geometry of the
tip also puts serious huddles for theoretical interpretation.
Micro-spheres fall between the two limits of nanopoint and infinite surface
in size. In order to make it easier to measure the enhancement of near-field
radiative transfer reliably in sub-micron regions, a measurement of radiative
transfer between a micro-sphere and a flat plane has been demonstrated to
overcome the past experimental difficulties. When a spherical surface is in-
volved, the demand of maintaining parallel surfaces is eliminated. Because
of the small size of the micro-sphere, the probability of having dust particles
in the gap between the sphere and the substrate is minimized. Compared to
a nanopoint such as a STM tip, the micro-sphere is much larger in size and
its shape is also well defined, making it more amenable to comparison with
theory.
Volokitin and Persson [27] employed the proximity approximation to cal-
culate the near-field radiation between two spherical surfaces and between one
spherical and one flat surfaces. The proximity approximation approximates
two gently curved surfaces in close proximity as layers of parallel flat surfaces
and derives the near-field radiation from the well established results between
two parallel surfaces. The proximity approximation is widely applied to calcu-
late van der Waals force and Casimir forces between curved objects [45; 46; 47;
48], but its validation in determining near-field radiative transfer has neither
been proved theoretically nor been verified experimentally. Narayanaswamy
and Chen [49] derived a more rigorous numerical solutions for two spheres
of arbitrary diameters without using proximity approximation as utilized in
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previous studies.
The dimension of the micro-spheres used in experiments is between several
microns to tens of microns in diameter, so the near-field radiation between
the sphere and the plane substrate, though enhanced by orders of magni-
tude, is still small. The power expected to be measured is usually tens of
nanowatts or lower. To probe such small energy transfer, bi-material atomic
force microscopy (AFM) cantilevers can be chosen as thermal sensors. The
micro-cantilever consists of two layer of materials with different coefficients
of thermal expansion and will deflect in response to temperature change. A
laser beam is focused on the reflecting side of the cantilever and the mo-
tion of the reflected laser beam is detected by a position sensitive detector.
These devices are reported to be able to detect temperature changes of 10−5
K and power changes as small as 40 pW [50]. Figure 1.2 summarizes the
reported experiments that measured near-field radiative transfer between a
micro-sphere and a plane substrate using bi-material micro-cantilevers in re-
cent years. Narayanaswamy et al. [51] were the first to use a bi-material micro-
cantilever as a sensitive sensor to measure the near-fleld radiative transfer be-
tween a micro-sphere and a flat substrate. With that device, they measured
the near-field radiation between a silica micro-sphere of 50 µm in diameter
attached to the free end of the micro-cantilever and and a glass substrate.
The minimum gap achieved in that experiment was 100 nm. Shen et al. [52;
53] extended the technique to measure other material surfaces. In two sep-
arate experiments, the near-field radiation between a silica micro-sphere and
gold and doped silicon substrates [52] and between a gold micro-sphere and
gold substrate [53] have been measured; the minimum gap in those measure-
ments has also been extended to 30nm. Rousseau et al. [54] also measured
the near-field radiative transfer between different sizes of silica spheres and a
heated glass substrate. Instead of using the optical beam deflection technique
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Figure 1.2: Reported experiments on measurements of near-field radiative
transfer between a micro-sphere and a flat substrate using bi-material micro-
cantilevers in recent years.
employed in previous experiments, they use a near-field fiber interferometric
technique in their study.
1.2 Outline of this thesis
The purpose of my thesis is to precisely measure the enhanced near-field
radiative transfer between a micro-sphere and a substrate and compare the
measurement results with theoretical and numerical predictions from modified
proximity approximation quantitatively. Extensive efforts have been made to
improve the experimental apparatus, data acquisition method, system calibra-
tion procedures and thermal model of the experiments.
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Chapter 2 focuses on the characterization of the bi-material micro-cantilever
which will be used in later experiments. A new technique to determine the
thermal conductance of a bi-material micro-cantilever experimentally has been
developed. The deflection of the cantilever to changes in its thermal environ-
ment is measured using the shift in position, on a position sensitive detector, of
a laser beam focused at the tip of the cantilever. By determining the response
of the micro-cantilever to (1) uniform temperature rise of the ambient, and (2)
change in power absorbed at the tip, the thermal conductance of heat transfer
from the cantilever can be determined. When the experiment is performed
at low enough ambient pressure so that convection is negligible (lower than
0.1 Pa), Gcant, the thermal conductance of micro-cantilever can be measured
experimentally.
Chapter 3 devotes to develop an improved experimental apparatus to mea-
sure the near-field radiation between a micro-sphere and a substrate. In pre-
vious experiments to measure near-field radiative transfer employing optical
beam deflection technique, the sphere has to be placed near the edge of the
substrate. The actual measurements are performed between a sphere and a
semi-infinite plane instead of an infinite plane. We designed an improved op-
tical beam deflection system that can overcome the drawbacks in previous
setups. With the new setup, the sphere can be placed sufficiently far away
from the substrate edge, making the measurement truly between a sphere and
an infinite plane. The experimental results for silica spheres between 2.5 µm
and 25 µm in radius are reported, and the comparison between experimental
measurements and the numerical prediction using modified proximity approx-
imation is discussed.
In Chapter 4, a comprehensive thermal model in both space and time
domain to analyze the experiments to measure the near-field radiation between
a micro-sphere and a substrate using bi-material micro-cantilever has been
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developed. In experimental investigations in Chapter 3, the measurement is
performed when the substrate moves continuously; however, the effects of the
moving velocity on final measurement results is totally ignored. In Chapter 4
the effect on the measurement results from different substrate moving velocities
has been evaluated both theoretically and experimentally. The criterion of
selecting the most proper substrate translation velocity has been established.
In Chapter 5, measurement of the change in near-field radiative transfer be-
tween a planar substrate and micro-spheres of radii R = 2.5 µm and R = 13.76
µm for separations d such that d/R ≤ 0.06 using the techniques developed in
previous chapters. It is demonstrated in this chapter, with experimental data
and numerical computations, that a proximity-like approximation can predict
radiative energy transfer between a sphere and a planar substrate even for
“small” or sub-wavelength spheres, i.e., when the size of the spheres is smaller
than the dominant wavelength at the mean temperature of the objects.
Chapter 6 summarizes the main contributions of this thesis and suggests











Micro-cantilever based devices have become ubiquitous since the invention of
the atomic force microscope (AFM). They have emerged as one of the most
common types of sensors,with applications in physical (force, temperature [50;
55], heat flux [56; 57], mass [58; 59; 60]), chemical (chemical reactions [61], va-
por sensors [58], explosives trace detection [62; 63]), biological (conformational
changes of proteins [64; 65], DNA hybridization [66; 67; 68]). The versatility
of the micro-cantilever has resulted in its usage in detecting a wide variety of
forces using the atomic force microscope (AFM) – van der Waals force [69; 70;
71; 72; 73], Casimir force [74; 75], and lateral force [76; 77].
Though AFM cantilevers are primarily used as force sensors, most com-
monly used AFM cantilevers are actually bi-material cantilevers – a coating of
aluminum or gold is used to increase the reflectivity of the cantilever surface
when used with optical detection schemes. The unequal coefficient of thermal
expansion (CTE) of the two materials causes a static deflection of the cantilever
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due to variation of temperature along the length of the cantilever. Thus, be-
sides detecting forces, bi-material micro-cantilevers can also be used as thermal
sensors. Microscale bi-material cantilevers were first used as calorimeters to
measure the heat generated in chemical reactions [61].The same device was
demonstrated to be sensitive enough to measure power as small as 40 pW or
energy of 10 fJ in photothermal measurements [56]. They were also used as IR
detectors [78; 56] or as scanning thermal imaging probes [79]. Micro-cantilevers
with integrated heaters have been used for high-density data storage [80; 81],
nanoscale fabrication and growth [82], topographical imaging [83], nanoscale
thermal metrology [84; 85], and vapor detection [86].
A bi-material micro-cantilever with a microsphere attached to its tip has
also been used recently to measure near–field radiative transfer between a
sphere and a flat substrate by measuring the deflection of the cantilever due
to heat transfer effects alone [51; 52; 54]. The thermal response of the bi-
material cantilever has been used to measure the enhancement due to near–
field effects in radiative transfer between a micro–sphere attached to a bi-
material cantilever and a flat substrate over the predictions of Planck’s theory
of blackbody radiation [51].
Knowledge of the temperature distribution along the micro-cantilever, which
depends on various heat loss mechanisms from the cantilever, is critical to the
above–mentioned applications. The Au layer of the bi–material cantilever on
which the laser is incident absorbs part of the laser power and results in a
temperature difference (≈ 50 K) between the tip (and hence the sphere) and
the substrate, which is at the ambient temperature). The temperature at the
tip of the cantilever due to the absorbed laser power can be determined if the
thermal conductance of the cantilever is known. Since most micro–cantilevers
do not come with in–built temperature measuring devices such as thermocou-
ples or resistance temperature detectors an alternative method for determining
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the thermal conductance is desirable.
In addition to usage as temperature or heat flux sensors, photothermal
heating of bi-material cantilevers by a modulated laser source has been used
to induce oscillations of the cantilever for tapping-mode operation in liq-
uids [87]. The effect of photothermal heating of the cantilever by the laser
source has been estimated by Eastman and Zhu [88] in studying the effect of
AFM tip on the melting dynamics of ice. In these publications, the thermal
conductance of the cantilever has been determined from assumed values of
thermal conductivity and geometric dimensions. Because of the variation of
thermal properties of thin films with thickness and deposition conditions [89;
90; 91; 92], the assumed values can be a significant source of error in esti-
mating the thermal conductance of the cantilever. Heat transfer between a
heated cantilever and a substrate have been studied both experimentally [93;
94; 95] and theoretically [96; 97]. However, heat transfer analysis of freely
suspended micro–cantilevers are comparatively lesser. When operated in air,
and the cantilever is not in the vicinity of a substrate, heat flow along the
cantilever, and from the cantilever to the surrounding fluid are the dominant
heat loss paths. Raman spectroscopy and IR microscopy are two non–contact
techniques that have been used to measure the temperature distribution along
micro–cantilevers but their usage is limited to high temperatures because of
uncertainties in temperature measurement, despite the relatively high spatial
accuracy that can be achieved [98].The temperature distribution along micro–
cantilevers can also be determined by measuring the thermal conductance for
heat flow along the cantilever and the thermal conductance for heat transfer
from the cantilever to the surrounding fluids.
Only recently, a technique based on the photothermal deflection of a bi-
material cantilever was developed to determine heat flow along a freely sus-
pended bi–material cantilever, and hence the thermal conductance of the can-
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tilever [99]. In this work, a two step process has been used to characterize not
only the heat flow along a bi–material cantilever but also the heat loss from
the cantilever to the environment. Unlike the works of Shi [93] and Park [94],
the cantilever in this study is suspended in a fluid and not in the vicinity of
a substrate. The thermomechanical deflection of a bi–material cantilever is
measured for (1) uniform temperature rise of the cantilever, and (2) change
in power absorbed at the tip when the cantilever is in an evacuated vacuum
chamber in order to determine the effective thermal conductance of the can-
tilever. Once the thermal conductance of the cantilever is determined, the
thermomechanical deflection of the cantilever in air at atmospheric pressure is
used to determine the effective heat transfer coefficient for heat transfer away
from the cantilever to the environment.
2.2 Modeling
A schematic of the cantilever attached to the AFM chip is shown in Figure
2.1. We make the following assumptions to create a thermal model for the
temperature distribution in the cantilever:
1. The temperature distribution varies only along the length of the can-
tilever, i.e. T = T (x).
2. The heat transfer coefficient from the cantilever to the fluid is indepen-
dent of location along cantilever and temperature.
3. The laser beam is assumed to be incident at the free tip of the cantilever,
i.e. at x = L.
4. The temperature of the AFM chip is equal to the temperature at the
base of the cantilever.
5. The fluid is assumed to be at a constant temperature Tf .
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Figure 2.1: (a) Schematic of a cantilever. The bi-material cantilever is at-
tached to an AFM chip. The laser beam is incident very close to the free end
of the cantilever. (b) Thermal model for the cantilever.
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6. For Pabs = 0, the model reduces to that of a thermal fin with an insulated
tip.
With the above assumptions, the cantilever can be modeled as a thermal fin.
The coordinate system for the thermal model is shown in Figure 2.1b. The




= h1P (T − Tf ) + h2P (T − Tb)








h1 and h2 are effective heat transfer coefficients for heat transfer from cantilever
to surrounding fluid, and cantilever to AFM chip via the fluid, respectively,
and T¯f = (h1Tf + h2Tb) / (h1 + h2). For a bi–material cantilever with mate-
rials of thermal conductivities k1 and k2, thickness t1 and t2, and width b,
(kA)e = (k1t1 + k2t2)b. The boundary conditions are: T = Tb at x = 0, and
(kA)e dT/dx = Pabs at x = L. The non–dimensionalized equation and bound-
ary conditions obtained by introducing the following variables and parameters














θ = β2θ (2.2)
Gc is the thermal conductance due to conduction from the tip to the base of
the cantilever and Ga is the thermal conductance due to heat transfer from
the cantilever to the surrounding fluid. The boundary conditions at x = 0 and
x = L are:
at ξ = 0, θ = 1 (2.3a)









The temperature distribution satisfying the above equation and boundary con-
ditions is:
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T − T¯f = cosh[β(1− ξ)]
cosh β





The temperature distribution in the bi–material cantilever results in a de-
flection due to the mismatch in CTE between the two materials that make
up the cantilever. Let To be the temperature at which the cantilever has zero
curvature throughout the cantilever, i.e. w′′(x) = 0, where w is the flexural
displacement of the cantilever. Any deviation of temperature from To results













(T (x)− To) (2.5)















, γ1 and γ2 are the CTEs of the
two materials, E1 and E2 are the Young’s modulii of the two materials. The
boundary conditions at x = 0 are w = 0 and w′ = 0. The quantity measured
in a conventional AFM experiment using the position of a laser spot on a
position sensitive detector (PSD) is the slope, φ = dw/dx, of the cantilever










































The first term on the RHS of Eq. 2.7 is affected only by changes in the tem-
perature at the base of the cantilever and the second term depends only on
variation of Pabs. The final term does not vary as long as the temperature Tf
of the surrounding fluid remains constant within the duration of experimental
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measurement. It is possible to experimentally control Tb and Pabs indepen-
dently of each other, and thereby measure ∂φtip/∂Tb and ∂φtip/∂Pabs. From













2(1− 1/ cosh β) (2.9)
Though the partial derivatives themselves depend on the elastic properties
and the difference in CTEs, the ratio of the partial derivatives in Eq. 2.8 and
Eq. 2.9 are independent of the elastic moduli and CTEs. The limit β → 0 is
attainable by measuring the above quantities in an evacuated vacuum chamber.
Once Gc is determined using Eq. 2.8, Eq. 2.9 can be used to solved for β,
and hence Ga. The experimental technique to measure φtip and its partial
derivatives is described below.
2.3 Experimental results
We have constructed an experimental apparatus capable of obtaining force–
distance curves or “heat transfer – distance curves” [51] with the ability of
controlling temperature of the substrate or the laser power incident on the
cantilever independently. The schematic of the portion of the experimen-
tal setup relevant to this work is shown in Figure 2.2. The output power
from a continuous wave laser diode (HL6312G, Optnext Inc., Fremont, CA)
is controlled using a laser diode driver (IP500, ThorLabs, Newton, NJ). The
temperature of the AFM chip, and hence Tb, can be controlled using a heater
(DN505, ThermOptics, Carson City, NV) attached to the aluminum beam, as
shown in the magnified view in Figure 2.2. The deflection of the cantilever is
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Figure 2.2: (Color online) Schematic of experimental apparatus to measure
the thermal response of bi–material cantilevers. The laser is focused at the tip
of the cantilever and the reflected beam is incident on a PSD. A magnified view
of the region close to the cantilever is also shown in the figure. A thermocouple
(not shown in figure) is positioned very close to the AFM base to measure the
temperature Tb.
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obtained from the output of the PSD (PSM2–10 with OT–301 amplifier, On–
trak Photonics Inc., Lake Forest, CA) on which the laser beam reflected from
the cantilever impinges. The sensitivity of the PSD signal to variation of Tb,
ST (units VK
−1), is measured by keeping the laser power constant and varying
only Tb. The sensitivity of the PSD signal to variation of incident laser power,
SP (units VW
−1) is measured by keeping the temperature constant but varying
the laser output power. Once the absorptivity, α, of the cantilever is deter-
mined, the sensitivity of the PSD signal to absorbed power at tip, S˜P = SP/α
can be determined. The quantities ST and S˜P are proportional to ∂φtip/∂Tb


















With the setup described earlier, it seems straightforward to determine ST
from measurements of the PSD signal by varying the temperature of the AFM
chip through the heater. The temperature of the AFM chip is measured by
a thermocouple attached very close to the chip (thermocouple not shown in
Figure 2.2). While this is possible, the heater has to be controlled manually
through a potentiometer and this can be time consuming. Instead, an easier
technique is to increase the heater temperature (≈ 5 K to 10 K above ambient)
and turn off the heater after maintaining the temperature at that level for
a few minutes. As the AFM chip and the rest of the structure cool down
(slowly enough that it can be treated as quasi–steady state), the temperature
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Figure 2.3: (Color online) (a) Measuring variation of PSD signal with Tb
(solid lines, in blue and red colors online). (b) Measurements of ST from 8
measurements.
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passes through all values from the heated temperature of the AFM chip to the
ambient temperature. The slope of PSD signal thus obtained as a function of
thermocouple temperature measurement is ST . The variation of PSD signal
with changes in Tb when the entire apparatus is in a vacuum chamber at a
pressure of ≈ 5.3 × 10−3 Pa is shown in Figure 2.3 (a). The cantilever used
in this study is a rectangular cantilever (Au/Si3N4, NanoWorld pyrex–nitride
probe, PNP–DB). On the x–axis of Figure 2.3 (a) is the temperature recorded
by the thermocouple and on the y–axis is the PSD signal corresponding to the
deflection of the cantilever. The two curves shown in this figure correspond to
data obtained when the heater temperature was increased to different values.
Each curve contains over 4000 measurements of temperature and PSD signal.
A best–fit value for ST is obtained from the slope of each such curve. All error
values and error bars in this paper correspond to 95 % confidence interval. The
value of ST is determined to be 0.293 ± 0.003 VK−1 from 8 measurements as
shown in Figure2.3 (b). It should be kept in mind that measurement of ST
in air at atmospheric pressure, while possible, violates one of the assumptions
of the thermal model – namely that the fluid temperature, Tf , is a constant.
For a heater that is much larger than the cantilever in size, it is expected that
the heater itself will heat the fluid in the ambient of the cantilever, thereby
violating the conditions under which the thermal model is applicable.
Measuring SP
To measure SP , the laser drive current is changed by modulating the input to
the diode driver so that the output laser power varies between 0.4 mW and
1.6 mW. The photodiode current from the laser diode is measured and, after
suitable calibration with a power meter (S120B photodiode sensor with PM100
console, ThorLabs, Newton, NJ), converted into laser power. The slope of the
PSD signal vs. incident power in Figure 2.4 (a) is SP . The value of SP when
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the chamber pressure is 5.3 ×10−3 Pa (corresponding to the limit β → 0) is
determined to be 7867 ± 5 VW−1 from 7 measurements (see Figure 2.4 (b)).
The value of SP when the ambient is at atmospheric pressure (value of β will
be determined subsequently) is determined to be 1108.8 ± 2.3 VW−1 from 9
measurements.
Measuring absorptivity
The absorptivity, α, of the cantilever is determined by measuring the power of
the incident laser beam, the reflected laser beam, and the transmitted beams
using an optical power meter (S120B photodiode sensor with PM100 con-
sole, ThorLabs, Newton, NJ), and using energy conservation to determine the
amount of absorbed laser power. The measurement scheme to obtain α is
shown in Figure 2.5. The power meter (labeled PD in Figure 2.5) is placed
in the path of incident, reflected, and transmitted beams. For each measure-
ment, we adjusted the position and angle of power meter until the maximum
optical power was recorded. The position of the power meter was then fixed
and measurements taken. In this way we made sure that the power meter was
positioned nearly perpendicular to the laser beam. Since we lack the means
of re–positioning the power meter to intercept each of the three beams whose
powers are to be measured, this part of the experiment is performed at ambi-
ent conditions, though the experimental setup is within the vacuum chamber.
The photodiode is manually repositioned for each measurement. In addition
to the laser power measured by the power meter, the laser output is also mon-
itored by measuring the internal laser photodiode current. The measurement
from the first panel in Figure 2.5 is used to obtain a relation between the
laser photodiode current and the incident laser beam power. The reflected
and transmitted laser beam powers are measured similarly as a function of
laser photodiode current. Using the relation between the photodiode current
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Figure 2.4: (Color online) (a) Measuring variation of PSD signal with incident
power (dashed line). (b) Measurements of SP (in vacuum) from 7 measure-
ments.
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Figure 2.5: Schematic of procedure to measure absorptivity of cantilever.
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and laser output power, the optical power measurements in the reflected and
transmitted beams can be plotted as a function of optical power in the inci-
dent beam, as shown in Figure 2.6. The slope of the reflected and transmitted
beam optical power are the reflectivity, ρ, and transmissivity, τ , respectively.
The absorptivity is obtained from the relation α = 1 − (ρ + τ). The value of
α is determined to be 0.2195± 1× 10−4. It should be mentioned that a finite
portion of the light is scattered from the edges of the cantilever and not in-
cluded for in the “transmitted” portion of the laser beam. We have minimized
the effect of this scattered portion by minimizing the laser spot size to just
lesser than the width of the cantilever (40 µm).
2.4 Discussion
As mentioned earlier, the process of determining the thermal conductance of
the cantilever, Gc, and the thermal conductance of heat transfer away from
the cantilever, Ga, is a two step process. The first step is to determine Gc
from the measured values of ST , SP , and α. Using Eq. 2.8 and Eq. 2.10, Gc










From the measured values of SP , ST , and α, the value of Gc is determined
to be 4.09 ±0.04 µWK−1. This value of thermal conductance of the cantilever
is in agreement with previous published results of thermal conductance of
triangular cantilevers of similar dimensions [99; 101]. Using manufacturer
quoted values of thickness of the Si3N4 and Au layers (530 nm and 70 nm
respectively) and thermal conductivities of Si3N4 and Au (2.5 Wm
−1K−1 and
190 Wm−1K−1 respectively) , the calculated value of the thermal conductance
of a cantilever of length 200 µm and width 40 µm is ≈ 3 µWK−1.
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Figure 2.6: Power in reflected and transmitted beams as a function of incident
laser beam power. The reflectivity and transmissivity are given by the slopes
of the two curves shown in this figure.
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Using the values of SP determined at atmospheric pressure and as β → 0,
the value of β =
√
Ga/Gc calculated from Eq. 2.9 and Eq. 2.11 is 3.669
± 0.005 ⇒ Ga = 55.05 ± 0.69 µWK−1. The overall heat transfer coefficient,
h = Ga/(PL), from the cantilever to the surroundings can be calculated with
knowledge of the dimensions of the cantilever (nominal length l = 200 µm,
breadth b = 40 µm, and thickness t = 0.6 µm) and is ≈ 3400 Wm−2K−1.
In a few studies that focus on the heat flow from cantilevers that are sus-
pended in air, the effective heat transfer coefficient from the cantilever to the
surroundings is shown to be of the order of 1000 Wm−2K−1 . Lee et al. [102]
studied the thermal conductance of micro–cantilevers in partial vacuum con-
ditions and the estimated effective heat transfer coefficient around the heater
region of a heated AFM cantilever to be within the range of 1000 Wm−2K−1
and 3000 Wm−2K−1 [103]. Kim and King [101] performed a finite element
analysis of the heat transfer from a cantilever and reported the effective heat
transfer coefficient from a heated micro–cantilever to be ≈ 2000 Wm−2K−1
around the leg and ≈ 7000 Wm−2K−1 around the heater (refer to [101] for
details about the “leg” and “heater”) in a steady heating state. Hu et al.
[104] studied the heat transfer from an aluminum microheater fabricated on
a suspended silicon nitride thin film membrane to the ambient with the 3ω
method and found the effective heat transfer coefficient to be larger than 2700
Wm−2K−1. These results are significantly higher than would be expected from
natural convection and thermal radiation.
It should be stressed here that the usage of a heat transfer coefficient
or the high value of the heat transfer coefficient does not imply the pres-
ence of thermal convection. Heat transfer from the cantilever to the am-
bient is mainly due to conduction to the surrounding fluid (air) [104] as
well as conduction through the air to the pyrex chip (to which the can-
tilever is attached). An estimate for the heat transfer coefficient h1 can be
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obtained from the spreading resistance between an isoflux rectangle of di-
mensions l and b to the surrounding fluid given by h1 ≈ 2.1kair/
√
lb [105;
106] (for l/b = 5), where kair is the thermal conductivity of air. This yields
a value of ≈ 580 Wm−2K−1. There exist two possible explanations for the
discrepancy between this estimate for heat transfer coefficient and the mea-
sured value: (1) A large fraction of this heat transfer coefficient is due to
heat conduction to the chip via the surrounding fluid, and this pathway is not
taken into account in the heat transfer estimate, and (2) The expression for
h1 is strictly valid for heat transfer from an isoflux rectangle to a homoge-
neous, isotropic medium that extends to infinity. The effective heat transfer
coefficient due to conduction heat transfer from the cantilever to the fluid is
position dependent and exhibits a singularity at the edges of the cantilever. A
detailed analysis of the conduction heat transfer from the cantilever structure
is necessary to determine the temperature and heat flux distribution along the
cantilever and its effect on the effective heat transfer coefficient.
In the thermal model and experimental technique developed in this work,
I have not taken the spreading resistance from the cantilever base to the AFM
chip into consideration. It could affect the obtained value of Gc by ≈ 20 %. It
is possible to determine the spreading resistance by measuring the thermome-
chanical deflection of the cantilever as the laser spot is shifted from the tip of
the cantilever towards the base. The accuracy with which the laser spot can
be focused at the tip of the cantilever is limited. For instance, a removal and
re–insertion of the AFM chip from its holder in the experimental setup causes
a change in the position of the laser spot relative to the tip of the cantilever.
Though the error in determining the thermal conductance of the cantilever is
≈ 1 %, a systematic source of error that could cause a greater spread in the
measured value of the thermal conductance is the position of the spot near
the tip of the cantilever. However, it should be mentioned that for the kind
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of experiments [51] described in Sec. 2.1, the error due to the position of the
laser spot near the tip is eliminated as long as the laser beam is focused at the
same spot for the calibration procedure (as described in this work) as well as
the actual experiment.
2.5 Conclusion
In this chapter, the thermomechanical deflection of a bi–material cantilever
has been used to determine the thermal conductance for heat flow along a
cantilever as well as the thermal conductance of heat flow from the cantilever
to the surrounding fluid. It is possible to determine the thermal conductivity
of a fluid of unknown thermal properties by measuring the thermomechanical
deflection of a micro–cantilever in the same fluid. The effective heat transfer
coefficient from the cantilever to air at atmospheric pressure is determined to
be ≈ 3400 Wm−2K−1. This large value of heat transfer coefficient can only be
explained by a detailed analysis of thermal conduction from the cantilever to











Recent advances in precision measurement of near-field radiative transfer have
shed light on the enhancement of energy transfer beyond the predictions of
the classical theory of radiative transfer due to tunneling of evanescent and
surface waves. Until recently, theoretical works in near-field radiative trans-
fer focused largely on the analysis of evanescent wave enabled heat transfer
between planar surfaces or between a point dipole and a planar object [2].
Contrary to what one might have anticipated a few years ago, the first reli-
able measurements of near-field radiative transfer was made possible by mea-
suring the energy transfer between a micro-sphere and a planar surface, not
between two planar surfaces [51]. This was made possible, in part because
of progress in the theoretical and numerical analysis of near-field radiative
transfer between non-planar surfaces, primarily between two spheres and be-
tween a sphere and a flat surface [49; 107]. Recently, a few groups have also
been successful in measuring near-field radiative between planar surfaces [43;
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44], though measurements at nanoscale gaps between the surfaces has not been
possible. It was in anticipation of the difficulties associated with experiments
between planar surfaces, such as the possible presence of dust particles on ei-
ther of the two surfaces and the challenge of ensuring parallelism between the
two surfaces, that the micro-sphere-planar surface configuration was favored
by one of us (AN) originally.
Measurement of near-field radiative transfer between a micro-sphere (usu-
ally with radius between 20 µm and 50 µm) and a planar surface was enabled
by the high thermal sensitivity of a bi-material atomic force microscope micro-
cantilever to which the micro-sphere is attached. Though the magnitude of
near-field radiative transfer is less than 100 nW, it is possible to measure the
deflection of the bi-material cantilever using the optical lever techniques [51;
52], and optical fiber interferometric technique [54]. In those experiments,
a bi-material atomic force microscope (AFM) cantilever is used as an ultra
sensitive thermal sensor to detect the small heat flux, usually in the order of
tens to hundreds of nanowatts, between the micro-sphere and the substrate.
A temperature difference between the sphere and the substrate is maintained
by heating the micro-cantilever, to which the sphere is attached, with a laser
beam or by heating the substrate with a heater. As the substrate moves to
the proximity of the sphere within several microns, the enhanced near-field
radiation causes the change in temperature difference between the sphere and
the substrate and causes the micro-cantilever to bend, due to the mismatch of
the thermal expansion coefficients of two different materials.
With optical beam deflection technique the incident laser beam is focused
onto the reflective side of the bi-material micro-cantilever and the reflected
beam is incident onto a position sensitive detector (PSD). The deflection of
the micro-cantilever is magnified, usually more than thousand-fold, depending
on the distance between the cantilever and the PSD. The intention of this thesis
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is to improve the measurement procedure so that experimental data can be
quantitatively compared by with different numerical/theoretical predictions.
Keeping this in mind, we have made important changes to the measurement
procedure. The first is a re-arrangement of the optics so that the incident and
reflected (from the surface of the cantilever) laser beams are collinear (anti-
parallel). The advantage of this change will be made clear in the following
sections. The second change is that, unlike previous experiments in which the
near-field conductance is obtained by simply dividing the near-field flux by
the temperature difference between the sphere and the substrate, in this work
I measure near-field flux at different temperature differences and using least
square fitting to obtain the near-field conductance.
3.2 Improved Experimental Apparatus
3.2.1 Drawback of Previous Measurement Apparatus
Figure 3.1 shows a typical experimental apparatus used in previous experimen-
tal investigation of near-field radiative conductance between a micro-sphere
and a flat plane. The change in rate of radiative transfer between a micro-
sphere and a planar substrate is detected by attaching the micro-sphere to a
bi-material micro-cantilever and measuring the change in slope of the micro-
cantilever in response to the change in rate of radiative transfer. The change in
slope of the micro-cantilever is determined by the so-called optical deflection
technique [108; 57] in which the change in slope is detected by the movement
of a laser beam on a position sensitive detector (PSD). A laser beam is focused
on the cantilever and the reflected beam is incident on a PSD. The motion of
the reflected beam spot on the PSD is an indirect measurement of the change
in slope of the cantilever.
The main drawback of previous experimental apparatus based on optical
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Figure 3.1: Schematic of a typical experimental apparatus used in previous
experiments to measure near-field conductance between a micro-sphere and a
flat plane. The main drawback of these apparatuses is that the micro-sphere
must be placed close to the edge of the substrate to prevent the reflected beam
from being chopped.
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lever technique [51; 52] is that the sphere must be placed near the edge of the
substrate, as illustrated by Figure 3.1. The sphere has to be placed near the
edge of the substrate because of the angle between the incident and the re-
flected beam, ensuring that the reflect beam is not partially obstructed by the
substrate which would have resulted in spurious heat transfer measurement.
Though such information is not usually provided in literature, in practice we
have not been able to position the microsphere beyond 20 µm of the substrate
edge if the incident and reflected beams have an angle larger than 15o. Con-
sidering that diameters of spheres used in near-field radiative experiments are
in the range ≈ 20-50 µm, the planar substrate would be better modeled as
an asymmetric semi-infinite plane, rather than an infinite plane as is usually
done. Since near-field radiative transfer depends not only on the material, the
temperature difference and the gap between the sphere and the substrate, but
also on the position of the micro-sphere with respect to the substrate edge,
making quantitative analysis more difficult. The defects and irregular profile
of the substrate edge further complicates the geometry of the substrate that
we consider.
3.2.2 New Improved Measurement Apparatus
To overcome these disadvantages, an improved optical lever measurement ap-
paratus to measure the heat transfer between a micro-sphere and a substrate
has been developed. By minimizing the angle between the incident and re-
flected beam, as illustrated in Figure 3.2, the micro-sphere can be placed
sufficiently far away from the edge of the substrate so that the substrate can
be modeled as a truly infinite plane.
The schematic of the apparatus is shown in Figure 3.3 (a). A linearly
polarized laser beam from a 635 nm laser diode (Hitachi HL6344G) passes
through a polarizing beam splitter (PBS), a quarter wave plate (QWP) and
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Figure 3.2: By minimizing the angle between the incident and reflected
beam, the micro-sphere can be placed sufficiently far away from the edge of
the substrate so that the substrate can be modeled as a truly infinite plane.
a focusing lens (FL) in sequence. The polarizing beam splitter is oriented
to maximize the power transmission. The quarter wave plate changes the
polarization of laser beam from linear to elliptic. The incident laser beam is
focused to a spot of around 10 µm in diameter and is positioned approximately
50 µm from the tip of the micro-cantilever. The laser diode is controlled by a
diode laser driver (Stanford Research LDC-500) operating in constant power
mode and the diode output power is set to be less than half of its maximum
operating power limit in order to suppress mode hopping noise [109]. Since
the reflected beam is collinear with the incident beam, it passes back through
the same lens. As the beam passes through the QWP the second time, it
changes back to linearly polarized light with the polarization perpendicular to
the incident beam. The paths of the incident and reflected beam diverge at
the polarizing beam splitter where the reflected beam is sent toward the PSD
(On-trak PSM 2-10). The X and Y signals from the PSD indicate the position
of the reflected beam on the PSD and the sum signal indicates the beam power.
The output signal from the PSD is amplified and then collected by a 24-bit
DAQ card (NI-4462). As the angle between the incident and reflected beam
is minimized when they are collinear, the micro-sphere can be placed at least
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Figure 3.3: (a) Schematic of the improved experiment apparatus, the incident
laser beam passes though the polarizing beam splitter (BS), the quarter wave
plate (QWP) and is then focused onto the reflective side of the micro-cantilever
by a focusing lens (FL).The reflected beam is separated from the incident beam
at the polarizing BS and is directed onto the position sensitive detector (PSD).
The optical isolator is used to prevent the backscattered light from going into
the laser cavity. (b) Picture of the experimental apparatus.
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several hundred microns from the edge of the substrate without chopping the
reflected beam. Given that the size of the sphere we have used is 50 µm in
diameter, and the maximum gap between the sphere and the substrate is about
3 µm, the substrate can be reasonably considered as an infinite flat plain with
respected to the sphere. Figure.3.3 (b) shows the picture of the experimental
apparatus. The apparatus is build on a optical breadboard with size 1’ x 1’
x 2.4” so that it can be easily transfered into a vacuum chamber. All optical
components are mounted on a cage system from Thorlabs to make sure that
they are along a common optical axis.
3.3 Experimental Configuration
3.3.1 Attach Micro-sphere to Micro-cantilever
Micro-spheres need to be attached to the free end of the micro-cantilever
rigidly. Although it is possible to purchase cantilever with micro-sphere pre-
attached from various suppliers, to be able to attach micro-spheres on our own
in the lab offers more freedom in micro-sphere and micro-cantilever selection,
and the process itself is quite fast.
The sphere attaching process is illustrated in the cartoons in Figure 3.4.
To help attaching the micro-sphere to micro-cantilever, silica fibers are drawn
from micropipettes using butane fuel laboratory burner (Wall Lenk Corp) in
our lab. The thickness of the fiber is ≈ 50 µm so that the micro-sphere
can be easily attached to it by van der Waals force. The sphere attaching
procedure is performed under an optical micro-scope and the motion of the
fiber is controlled precisely using a miromanipulator. The first step is to coat
the fiber tip with a thin layer of thermal epoxy. With the microscope focusing
on the tip of the micro-cantilever which is positioned with the non-reflective
side facing upward, the fiber with thermal epoxy coating touches the tip of
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the micro-cantilever carefully to deposit glue onto the cantilever. Depending
on the size of the micro-sphere that is going to be attached, the drop size
of the glue on the tip is controlled to be from less than 5 µm to 20 µm in
diameter. Efforts have been made to make sure that the glue is deposited
only to the non-reflective side of the micro-cantilever while leaving the gold
side clean. The next step is to pick a micro-sphere with another clean fiber.
Silica micro-spheres are put on glass microscope slide with Teflon tape coated.
The purpose of the tape is to decrease the van der Waals force between the
micro-sphere and the glass slides. To pick the micro-spheres, I simply let the
fiber to touch the spheres under the micro-scope. Since both the sphere and
the fiber are made of glass, the van der Waals force between them will cause
the micro-sphere to attach to the fiber without additional adhesives. The final
step is to transfer the sphere which is attached to the clean fiber onto the
tip of the micro-cantilever where the thermal epoxy is applied. One critical
point here is to let the micro-sphere ’protrude’ out of the micro-cantilever tip.
By doing that, in experiment it is the micro-sphere, not the tip of the micro-
cantilever, that is closest to the substrate. Once the micro-sphere is attached
to the micro-cantilever, the micro-cantilever is transferred to a hot plate with
temperature setting of 65 ◦C to cure. In my experience, 10 minutes is enough
for the micro-sphere to be bound rigidly to the tip of the micro-cantilever.
The optical and SEM images of the bi-material micro-cantilever with silica
micro-sphere of 25 µm in radius attached to it are shown in Figure 3.4 (e) and
(f), respectively.
3.3.2 Alignment of Micro-cantilever to the Substrate
Unlike in atomic force microscopy, in heat transfer experiments, the cantilever
is oriented perpendicular to the substrate in order to minimize the influence of
forces on the measured deflection. When the cantilever is positioned perpen-
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Figure 3.4: (a-d) Illustration of the steps to attach the micro-sphere to the
micro-cantilever with thermal epoxy. (e-f) Optical and SEM images of the bi-
material micro-cantilever with silica micro-sphere of 25 µm in radius attached
to it.
CHAPTER 3. IMPROVED EXPERIMENTAL APPARATUS AND
TECHNIQUES 45
Figure 3.5: Calculated cantilever bending due to imperfect alignment between
the substrate and the micro-cantilever. The x-axis is the gap between the
sphere and the cantilever, the y-axis is the angle between the cantilever and
the norm of the substrate, the z-axis is the bending of the micro-cantilever at
the tip.
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dicular to the substrate, forces on the sphere will stretch the cantilever instead
of bending it. Hence the system is mechanically stiff while compliant to radia-
tive transfer. However, when the angle between the micro-cantilever and the
substrate is not strictly 90◦, the component of van der Waals force between
the micro-sphere and the substrate that is perpendicular to the cantilever will
cause the micro-cantilever to bend and result in spurious deflection signals.
The van der Waals force between a sphere with radius R and a infinite
plane is given by:
F = −A R
D2
(3.1)
where A is the Hamaker constant and D is the separation between the sphere
and the plane [110], for fused silica the Hamaker constant is 6.5 × 10−20J.
Plot of cantilever bending due to imperfect alignment between the substrate
and the micro-cantilever is shown in Figure 3.5 for gaps between 10 nm to 5
µm. The spring constant of the cantilever is taken to be 0.06 N/m as given
by the manufacturer. When the angle between the cantilever and the norm
of the substrate, θ, is small (it is usually the case in experiments), the force
component perpendicular to the cantilever that cause it to bend is θAR/D2
which is proportional to θ. The maximum bending of the micro-cantilever is
less than 2 nm when the angle is 2 ◦. In a typical experiment the angle between
the substrate norm and the micro-cantilever is controlled to be less than 2 ◦.
3.3.3 Avoid Optical Feedback into Laser Cavity
With the new measurement apparatus in whch incident and reflected beam are
co-linear, it is very important to avoid optical feedback into the laser diode as
much as possible when aligning optical path. Semiconductor laser diode is very
sensitive to external optical feedback, even a little portion of retroreflected light
into the optical cavity will induce severe oscillation in laser output power much
larger than the normal random noise, which makes measurement impossible.
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To minimized the optical feedback, an Faraday optical isolator is included in
the system, as shown in Figure 3.3, to prevent the backscattered light going
into the laser cavity. The free space optical isolator in our system provides >
30 dB of isolation for back reflected light.
However in real experiment, I found the optical isolator alone is still not
enough to eliminate the optical feedback. In many cases oscillation in laser
output still occurs while the isolator is installed. One possible reason could
be that the laser diode in our experiments are not temperature stabilized
by a TEC controller, thus the actual wavelength of laser output light can be
different from the nominal wavelength, while the isolation provided by Faraday
isolator is sensitive to the wavelength of incident light.
One ”trick” that works well in my experiment is, instead of letting the
reflected beam totally overlap with the incident beam in space, I have the
reflected beam stray a little bit so that the reflected beam does not pass
through the isolator output pinhole. The idea is illustrated in Figure 3.6. As
the diameter of pinhole is only 2.7 mm, the input and output beam are still
highly co-linear. By combining a Faraday isolator with the virtual spatial filter
that is created with proper optical alignment , oscillation in laser output is
mostly suppressed in my experiment.
3.4 Experimental Investigation
To measure the near-field radiation, the apparatus is put in a vacuum chamber
pumped down to a pressure less than 1.0× 10−3 Pa. Under such low pressure,
conduction and convection heat transfer through the gap between the sphere
and the substrate can be neglect. Most power absorbed by the cantilever is
dissipated in conduction through the supporting base of the cantilever to the
aluminum beam, while a small fraction of power is radiated by the micro-
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Figure 3.6: In optical path alignment, one important thing is not allowing the
reflected laser beam pass through the optical isolator pinhole, as shown in (a).
Having the reflected spot several mm away from the pinhole on the isolator,
as shown in (b), helps to suppress the oscillation in laser output effectively.
cantilever and the attached sphere. When the gap between the sphere and
the substrate is larger than a few microns, there exists only far-field radiation.
Because the temperature of the micro-cantilever with sphere attached and the
surroundings is constant, and the view factor between the cantilever-sphere to
the surroundings is always 1, far-field radiation does not change in experiment.
As the substrate moves closer to the sphere, the enhanced near-field radiation
occurs due to the surface phonon-polariton coupling As a result, more power
absorbed by the cantilever is radiated out from the sphere to the substrate.
This additional power loss cools down the micro-cantilever, and the small
deflection of cantilever caused by the temperature change can be detected by
the position change of the reflected beam on the PSD.
The near-field radiative conductance Gnf between the sphere and the plate






where P (∆T ) is the near-field radiative flux between the sphere and the plane
at a temperature difference ∆T . The linearized near-field radiative conduc-
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tance is a constant for each gap and ideally the near-field radiative flux should
be proportional to the temperature difference between the sphere and the sub-
strate.
When measuring the near-field radiative transfer, the laser operates in con-
stant power mode. The incident power is partially absorbed by the cantilever,
raising the temperature of the micro-sphere. The temperature difference be-
tween the micro-sphere and the substrate is ∆T . At that temperature differ-
ence, the piezo stage moves from the maximum separation x = xmax toward
the micro-sphere until contact. The maximum gap between the sphere and the
substrate is limited to≈ 3 µm in order to get more information about near-field
radiation rather than far-field. As the substrate moves towards the sphere, the
power dissipation through enhanced near-field radiation gets stronger and the
deflection of micro-cantilever increases smoothly. When contact takes place,
a sudden jump in deflection signal indicates the contact point xc between the
substrate and the sphere. This contact position is then used as a reference
point to convert the piezo position into the gap between the sphere and the
substrate with the relation l = x − xc. To make sure the contact position is
correct, we make use of both signals from the PSD (X and Y signals). We
have confirmed that the spikes in the PSD signal occurs at the same position
for both X and Y signals.
A typical experiment procedure to measure near-field radiative transfer
between micro-sphere and substrate is illustrate in Figure 3.7. Figure 3.7 (a)
shows a curve of near-field radiative flux as a function of gap from measure-
ment. On the x -axis is the gap between the sphere and the substrate and on
the y-axis is Pnf −Pnf (xmax), the increase of near-field radiative flux between
the sphere and the substrate with respect to the near-field radiative flux at
maximum gap. When taking this curve, the incident laser power is 1015 µW
and the temperature difference between the sphere and the substrate is 26.5
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Figure 3.7: (a) A measured curve of near-field radiation vs. gap, the x -axis is
the gap between the sphere and the substrate and the y-axis is the increased
near-field radiative flux (b) 70 curves similar to the curve in (a) measured con-
tinuously under the same experiment conditions are plotted together. (c) All
near-field radiation curves measured at several different temperatures between
the micro-sphere and the substrate, the x -axis denotes temperature difference
between the sphere and the substrate, the y-axis denotes the gap between the
sphere and the substrate, the z -axis denotes near-field heat flux between the
gap. (d) A cross section view of (c) at 50 nm gap. There are 12 groups of data
points of near-field radiation flux corresponding to 12 different temperature
settings. The linear fit analysis gives the slope with 95% confidence interval
to be 11.51±0.30 nWK−1. (e) The measured near-field radiative conductance
between a silica micro-sphere of 50µm in diameter and a glass substrate are
ploted as a function of gap.
CHAPTER 3. IMPROVED EXPERIMENTAL APPARATUS AND
TECHNIQUES 51
K. At each constant incident laser power level, multiple measurements have
been conducted continuously. In Figure 3.7 (b), 70 curves similar to the one
shown in (a) are plotted together when the incident power is set to 1015 µW.
After acquiring multiple curves at that particular temperature difference,
the laser output power is altered to change ∆T , the temperature difference be-
tween the micro-sphere and the substrate, to a different value. With all other
experimental conditions unchanged, a new set of curves of radiative transfer
flux vs. gap is obtained at the new temperature difference. In this example,
twelve sets of measurements are obtained at twelve different temperature set-
tings. At each temperature difference, approximately 50 curves are obtained
in succession under the same experimental conditions.
All curves of near-field radiative flux measured at different temperatures
are shown in Figure 3.7 (c) as a 3D plot. The gap between the sphere and
the substrate is plotted on the x -axis, the temperature difference between the
sphere and the substrate is plotted on the y-axis, , and measured near-field
radiative flux between the sphere and the substrate is plotted on the z -axis. As
the surface roughness of the micro-sphere used in experiment is ≈ 50 nm, the
measurement from separations less than 10 nm are not used in data analysis.
The x -axis (gap) between 10 nm and 3 µm is evenly parted in logarithm scale
by 100 points. All data points with proximity within ± 1 nm of each of
these separation points are binned. In this way 100 bins are formed on x -axis
according to 100 different gaps and each measured curve is ’sampled’ at 100
different fixed gaps with gap sampling accuracy of better than ± 1 nm.
If we make a ‘slicing’ at any of these 100 gaps to get the cross section view,
there are 12 groups of radiative flux corresponding to 12 different sphere-to-
substrate temperature differences. The near-field radiative transfer conduc-
tance and its error are determined by performing a linear least squares fit
analysis on these points. As an example, the cross section view for the gap of
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Figure 3.8: The blue curve corresponds to the substrate tranlation velocity
of 12 nm.s−1; The red curve is a single measurement of near-field conductance
vs. gap measured at the temperature difference of 22.9 K between the sub-
strate and the micro-sphere. The near-field conductance is obtained by simple
division.
50 nm is shown in Figure 3.7 (d). The blue bands of points show the near-field
radiative flux measured at 12 different temperatures. A linear fit analysis with
least squares approach is performed on these points to get the red line, and its
slope of 11.51 ± 0.30 nWK−1 is determined to be the near-field radiative con-
ductance with 95% confidence interval at gap of 50 nm. This linear fit analysis
is performed at all gaps to obtain the near-field radiative transfer conductance
as a function of gap, as plotted in Figure 3.7 (e). The error bars correspond
to 95% confidence interval of the near-field conductance at all gaps.
In prior experiments [51; 52; 54], the near-field radiative conductance is
obtained by simply dividing Pnf/4 T , where Pnf is the the near-field radia-
tive flux and 4T is the temperature difference between the sphere and the
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substrate. The drawback of this method is that if the alignment between the
substrate and the micro-cantilever is not perfect, the van der Waals force or
electrostatic forces between them will lead to spurious deflection signal dur-
ing measurement. Since we know that the effect of temperature on van der
Waals and electrostatic forces in this configuration is negligible, by equating
the slope , as opposed to the division of heat transfer by temperature dif-
ference to the conductance, we can reduce the effect of imperfect alignment
between the cantilever and substrate. Figure 3.8 shows the difference between
the near-field conductance obtained using two methods. The red curve is a
single measurement of near-field conductance vs. gap randomly picked from
measurement when the temperature difference between the micro-sphere and
the substrate is 22.9 K. The near-field conductance is calculated using simple
division method. In comparison, the near-field conductance obtained with the
new improved technique as described in this work is plotted as the blue curve
with 95 % confidence interval. As can be seen from Figure 3.8, the difference
in results from two techniques is significant. Determining the near-field con-
ductance from several measurements at different temperatures can effectively
reduce the spurious deflection effectively.
3.5 Conclusion
In summary, an improved experimental apparatus with optical lever technique
to measure the near-field radiation between a silica micro-sphere and a glass
substrate has been developped. With the newly improved optical system and
improved experimental technique, we are able to place the sphere sufficiently
far away from the substrate edge, so that the measurement is truly between
a sphere and an infinite plane. The spurious effects due to deflection by force
has been minimized.






An improved experimental apparatus has been introduced in Chapter 3. This
new apparatus overcomes the limitation of previous experiments posed by the
micro-sphere position and can measure near-field radiative transfer between a
micro-sphere and a truly infinite plane. To minimize the spurious cantilever
deflection caused by forces (such as van der Waals force and electrostatic force),
the experimental technique has also been improved. The near-field conduc-
tance is now obtained by taking least square linear fit to near-field flux mea-
sured at different temperature differences between the micro-sphere and the
substrate. With the newly improved apparatus and experimental technique,
the near-field radiative transfer between a glass substrate and silica micro-
spheres with radii from 2.5 µm to 25 µm have been measured and compared
to the theoretical prediction using modified proximity approximation.
In previous experiments, a glass plate is used as a substrate which is glued
rigidly to a piezo stage. The gap between the substrate and the micro-sphere
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was varied by translating the piezo-stage [51; 52; 54] at discrete steps. Mea-
surement was taken when the substrate was held at the constant position;
between two measurements, the substrate was moved by the piezo to a new
position. However, applying constant voltage at room temperature to a piezo
stage will cause creep and drift effects on piezo and lead to loss of position
sensitivity [111; 112]. To avoid stage drift, all measurements discussed in this
thesis were conducted with the piezo stage and substrate moving continuously.
The purpose of this chapter is to develop a theoretical model for the effect of
translation velocity of the substrate/stage on the magnitude of measured heat
transfer. Experimental measurements of near-field radiative transfer between
a silica micro-sphere and a flat substrate translated at two different velocities
are used to illustrate the impact of translation velocity.
4.2 The thermal model
We assume the following in our thermal model:
1. The micro-sphere is assumed to be isothermal at temperature T which
varies with separation between micro-sphere and substrate.
2. Only radiative heat transfer is considered between the sphere and the
substrate because the experiment is conducted in a vacuum chamber
(pressure ≈ 10−3 Pa).
3. The base of the cantilever, the substrate, and the ambient are also as-
sumed to be isothermal and at the same temperature Ta.
A drawing to assist in the description of our thermal model of the exper-
iment is shown in Figure 4.1. A silica micro-sphere with mass m and specific
heat Cp is attached to the tip of the micro-cantilever using thermal epoxy. Gc
is the thermal conductance of the micro-cantilever due to conduction from the
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point at which the laser beam is focused to the base of the cantilever. The
substrate moves closer to the sphere at a constant velocity v. The power ab-
sorbed by the micro-cantilever is Qabs, and causes an increase in temperatures
of the micro-sphere and the cantilever with respect to ambient..
Let us consider the heat transfer from the micro-sphere as the separation
from the substrate changes. Most of the power Qabs is transported by con-
duction through the base of the cantilever to the chip to which the cantilever
is attached, which acts as a heat sink. A small fraction of power is lost in
the form of radiation. The radiative loss from the sphere includes both far-
field radiation to the substrate as well as the ambient, and near-field radiative
transfer to the substrate.





= −[Gc +Grad(lgap)](T (t)− Ta) +Qabs (4.1)
where Grad(lgap) is the radiative loss conductance for the micro-sphere.
Grad(lgap) is made up of two contributions: (1) Gnf (lgap), the near-field radia-
tive conductance between the sphere and the substrate at separation lgap, and
(2) Gff , the conductance for far-field radiative transfer from the micro-sphere.
The far field radiative transfer from the micro-sphere, which can be described
by the classical theory of radiative transfer [113], is a constant since the view
factor between the micro-sphere and the surroundings is identically equal to
1. Hence Gff is independent of lgap. As lgap decreases, Gnf (lgap) increases
because of enhanced tunneling of electromagnetic waves (surface polaritons
in the case of silica spheres and substrates) between the two surfaces. The
increase in Gnf manifests itself as a decrease in temperature T of the micro-
sphere, which is detected by the ensuing deflection of the micro-cantilever.
Since only the change in slope of the cantilever, and not the slope itself, can
be determined, what is being measured in the experiment is not Gnf (lgap) itself
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Figure 4.1: Schematic of the thermal model and the improved apparatus for
experiment. The substrate is glued to a piezo stage which moves at the velocity
v, and a micro-sphere with mass m and heat specific heat Cp is attached to the
tip of a bi material micro cantilever. A small portion of the incident power is
absorbed by the micro-cantilever, hence the temperature of the micro-sphere
is elevated from ambient temperature Ta. The near-field conductance between
the sphere and the substrate is denoted Gnf and the thermal conductance of
the micro-cantilever is denoted Gc.








Gold 19300 128 82
Si3N4 2400 691 6
SiO2 2200 745 1.38
Table 4.1: Material properties
but Gnf (lgap)−Gnf (lmax), i.e, the change in conductance with respect to the
maximum separation between micro-sphere and substrate.
The solution to Equation 4.1 describes the dependence of the micro-sphere
temperature on lgap, which varies with time. It can be shown from beam theory
[100; 50] that the slope of the cantilever deflection, which is measured in the
experiment, is directly proportional to the temperature difference between
the sphere and the base of the cantilever [99; 114]. An implicit assumption
assumption in this statement is that the temperature distribution along the
cantilever is linear. The micro-cantilever is L = 200 µm in length and 40 µm
in width. Using nominal values of thickness of the Si3N4 and Au layers (530
nm and 70 nm, respectively) from manufacturer specifications and materials
properties from Table 4.1, the thermal diffusivity of the micro-cantilever is
αe = 8.6× 10−6 m2s−1. The subscript e stands for “effective” since the property




2 of the micro-cantilever is calculated to be ≈ 4 ms, which is much
smaller than the data sampling time interval of 17 ms used in my experiment.
Since the substrate moves at the constant speed v, the separation between
the sphere and the substrate is lgap = lmax − x, where x = vt is the displace-
ment of the substrate with respect to maximum separation. The maximum
separation between the sphere and the substrate is lmax.
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Denoting the temperature of the micro-sphere when the substrate is trans-
lated at a velocity v as Tv, Equation 4.1 can be rewritten as:
dTv(x)
dx
= −{1 + fnf [lmax − x]}
vτsph
[Tv(x)− Ta] + Qabs
mCp
(4.2)
where τsph = mCsph/Gc, and fnf (x) is Gnf (x)/Gc. Integrating both sides of
Equation 4.2 from 0 to x using the integrating factor exp(x/vτsph) yields the
expression for the measured temperature Tv(x) of the sphere at any displace-
ment x with respect to its temperature at the maximum gap T (0) :
T (0)− Tv(x)


















[T (0)− Tv(x− yvτsph)]
T (0)− Ta fnf (lmax − x+ yvτsph)e
−y
(4.3)
Remember that in order to measure the exact temperature change of the
micro-sphere, the substrate has to move at an extremely low velocity so that
the micro-cantilever always attains steady state at every position of the sub-
strate. The difference between the actual temperature of the micro-sphere,
which can be measured in the zero velocity limit (vτsph/x → 0), and the am-
bient is given by:
T0(x)− Ta = Qabs
Gc +Gnf (lmax − x) (4.4)
The temperature decrease of the micro-sphere, which is the difference be-
tween the sphere temperature at any displacement x and its temperature at
the maximum gap, can be expressed in the zero-velocity limit as:
T (0)− T0(x) = Qabs
[Gc +Gnf (lmax)]
[fnf (lmax − x)− fnf (lmax)]
[1 + fnf (lmax − x)] (4.5)
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Since any real measurement involves a finite velocity of translation, there is
a trade-off between inaccuracies because of finite velocity and the time taken
to complete one measurement between x = 0 and x = lmax, i.e. contact.
Prolonged measurement time will introduce errors due to drift of the piezo
stage, thermal drift, and electrical noise. At finite velocity v, the temperature
difference derived from Equation 4.2 is (remember that T (0) is independent of
velocity of translation):









dye−y[T (0)− Tv(x− yvτsph)]fnf (lmax − x+ yvτsph)
(4.6)
Equation 4.6 is an integral equation for T (0)−Tv(x) and it can be solved by
standard numerical techniques [115]. However, an order-of-magnitude analysis
of the two terms on the RHS of Equation 4.6 can yield valuable analytic ex-
pressions for the effect of finite velocity on the error in measurement. In exper-
iments, the temperature difference between the heated micro-sphere when the
gap is maximum and ambient temperature T (0)−Ta = Qabs/(Gc+Gnf (lmax))
is ≈ 10-30 K, depending on the power of the laser beam; by comparison,
T (0)− Tv(x− yvτsph) is ≈ 10−2K. Thus the second term in Equation 4.6 can
be safely dropped and Equation 4.6 can be simplified to:
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The ratio of Equation 4.7 and Equation 4.5 is:
T (0)− Tv(x)
T (0)− T0(x) '
∫ xvτsph
0 dy[fnf (lmax − x+ yvτsph)− fnf (lmax)]e−y
fnf (lmax − x)− fnf (lmax) (4.8)
The ratio given by Equation 4.8 gives a quantitative comparison of how
well the measurement from a real experiment in which the substrate moves at
a finite speed v agrees with the expected curve of near-field radiative transfer
from an ideal experiment, which should be measured with a substrate velocity
v → 0.
The error between the measured temperature change at finite velocity v and
the actual temperature change, which would have been measured as velocity
v → 0, is:
εerror = 1− T (0)− Tv(x)
T (0)− T0(x) (4.9)
It can be seen from Equation 4.8 and 4.9 that the error εerror depends on
vτsph, the product of substrate translation velocity v and the thermal time
constant of the silica micro-sphere attached to the micro-cantilever τsph. The
thermal conductance of the bi-material micro cantilever is determined exper-
imentally to be 2.6 µWK−1 using the technique described in our previous
work[114] and the thermal time constant τsph is calculated to be 40 ms. The
error εerror is plotted in Figure 4.2 for different values of vτsph from 0.04 nm to
2.4 nm (according to different substrate translation velocities from 1 nm.s−1
to 60 nm.s−1). The x axis denotes the gap between the silica micro-sphere
of 25 µm radius and a glass substrate while the y axis denotes the expected
error between real experimental results and an ideal curve. lmax is set to be 3
µm to agree with the maximum separation in experiments. To obtain curves
in Figure 4.2 the near-field conductance data Gnf are taken from the numer-
ical simulation using modified proximity approximation[116]. The amplitude
of measured near-field radiation decreases as the substrate velocity increases.
For velocities slower than 10 nm.s−1, the error is less than 5 % for all gaps,
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while a faster velocity of 60 nm.s−1 yields considerably larger error of more
than 25 % when the gap is smaller than tens of nanometers.
In obtaining Figure 4.2, we have used proximity approximation, which we
know to be only an estimate for near field radiative transfer for micro-spheres.
Recently techniques for calculating exact solution of near-field radiative trans-
fer between a sphere and a plane has been published [107; 117], but they are
much more computationally intensive and their validity has yet to be proved.
Not having a better method, improvements to experimental measurements
based on Figure 4.2 can still only be approximate.
4.3 Experimental Validation
In order to validate the prediction that different substrate translation veloci-
ties will lead to different measurement results, as described by the model and
plotted in Figure4.2, two different velocities of 12 nm.s−1 and 60 nm.s−1 are
chosen to conduct the experiment. The experiment and data processing proce-
dure are described in detail in previous chapters. The near-field conductance
between the micro-sphere and the substrate is measured by the deflection of
the micro-cantilever when the enhanced near-field radiative transfer causes it
to bend. Each near-field conductance–gap curve is obtained within a time in-
terval of less than 5 minutes. Within this time period, the drift of gap between
the substrate and the micro-sphere can be neglected. According to model pre-
diction, error from the slower velocity of 12 nm.s−1 is less than 5 % for all gaps
larger than 10 nm, while error from the faster velocity of 60 nm.s−1 is much
larger.
For each sphere-to-substrate temperature difference, the measurement is
conducted for the faster velocity first; then the same measurement is conducted
again for the slower velocity with all other experimental conditions unchanged.
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Figure 4.2: Calculated error between a real measurement in which the sub-
strate moves at a finite velocity v and the results from an ideal experiment with
a substrate velocity v → 0. The x axis denotes the gap between the micro-
sphere and the substrate, while the y-axis denotes the expected error in a real
measurement with finite translation velocity. The thermal time constant of the
micro-sphere is 40 ms. The calculation is performed for the product of vτsph
on 0.04nm, 0.2nm, 0.48nm and 2.4nm, according to the substrate translation
velocity of 1 nm.s−1, 5 nm.s−1, 12 nm.s−1 and 60 nm.s−1, respectively
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Figure 4.3: The measured near-field radiative conductance between a silica
micro-sphere of 25µm in radii and a glass substrate are ploted as a function of
gap for two different substrate moving velocities. The blue curve corresponds
to the slower moving velocity of 12 nm.s−1 and the red curve corresponds to
the faster moving velocity of 60 nm.s−1. The error bars of 95% confidence
interval are plotted together with the curve for each gap.
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Table 4.2: Time constants
The measurement results for both velocities are plotted in Figure 4.3. The blue
curve corresponds to the slower translation velocity of 12 nm.s−1 and the red
curve corresponds to the faster translation velocity of 60 nm.s−1. Error bars
of 95 % confidence interval are plotted together with the curve for each gap.
The experimental results clearly show the dependence of the measurement
on substrate translational velocity. The faster substrate velocity yields lower
measured near-field radiative conductance, which is in agreement with model
prediction.
4.4 Discussion
Several time constants have been mentioned previously. A more detailed dis-
cussion will be given in this section. These time constants are (1) τe, the time
scale over which the temperature distribution in the micro-cantilever becomes
linear after the substrate moves to a new position, i.e., transient effects are
negligible, (2) τsph, the time scale over which the micro-sphere attains a new
equilibrium temperature in response to change in position of the substrate,
and (3) τs, time interval between two successive sampling points.
The effective transient time constant of the cantilever, τe, has been defined
in Sec. 4.2 and its numerical value is given in Table 4.2. It determines how fast
the temperature along the cantilever can reach steady state of linear distribu-
tion in vacuum after a sudden disturbance in temperature has been applied
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to its tip. The effective transient time constant of the cantilever used in this
work is 4 ms. During that period the separation between the micro-sphere
and substrate changes by less than 0.25 nm at both substrate velocities used
in the experiment. As seen from experimental measurements, as well as the-
oretical predictions, the change in conductance for a displacement of 0.25 nm
is negligible unless the separation itself is of a similar order of magnitude. In
our experiments, the minimum gap we have probed is ∼ 10 nm.
When the effective time constant of the micro-cantilever τe is fixed, the
measurement accuracy can not be increased without bound by simply increas-
ing the sampling rate. Independent measurements can only be achieved when
the time interval between adjacent sampling points is longer than at least τe.
If the sampling rate is too fast, the interval between adjacent samples is not
long enough for the temperature distribution along the cantilever to reach
steady state. Under these situations the measurement results between adja-
cent data points are not independent as required by Equation4.1, which makes
increasing sampling rate meaningless beyond certain level. The upper bound
for sampling rate is 1/τe while in more practical cases it should be less than
1/3τe. Using this criterion the maximum data sampling rate for the cantilever
used in this work is is 83 Hz. The data sampling period of 17 ms in this work
is longer than 3τe which gives a good indication that the temperature distri-
bution along the micro-cantilever reaches steady state within the time interval
between adjacent sampling points so that the measurements are independent
to each other.
The time constant of micro-sphere τsph is defined as mCp/Gc, where mCp
is the thermal capacitance of the micro-sphere and Gc is the thermal conduc-
tance of the micro-cantilever. Equation 4.8 and 4.9 imply that it is the product
of substrate translation velocity v and τsph, not the v or τsph themselves, that
determine the error resulting from finite translation velocity in a real measure-
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ment. The calculated time constant in this work is 40 ms. As the thermal
capacitance is proportional to the volume of the micro-sphere (of the same
material), τsph decreases cubically as the radius of micro-sphere decreases. For
the smaller micro-spheres radii of 13.7 and 2.5 um used in Chapter 5, their time
constants are 6.6 ms and 40 µs respectively. For the 13.7 µm micro-sphere,
from Figure4.2 we can see that even a faster translation velocity of 60 nm.s−1
is acceptable as it will not yield error larger than 5% for any separation larger
than 10 nm. The freedom to select translation velocity for the 2.5 µm sphere
is even larger because the error resulting from finite substrate velocity can be
neglect unless it is much larger than 10 µm.s−1. On the other hand, substrate
velocity affects the measurement more for larger spheres. In order to limit
error to the same level, if the radius of the micro-sphere increase 2 times, the
translational velocity need to be decreased by 8 times.
4.5 Conclusion
In summary, a comprehensive thermal model for experimentally investigating
the near-field radiative transfer using optical beam deflection has been devel-
oped. The dependance of measurement on the substrate translation velocity
has been derived theoretically and compared with experimental results. The
experimental results validate the theoretical prediction that faster substrate
translation velocity will lead to larger measurement error. The criterion for
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Fluctuation-induced electromagnetic interactions between two closely spaced
objects can manifest themselves in two ways: (1) momentum transfer, lead-
ing to van der Waals or Casimir forces, and (2) energy transfer, leading to
near-field enhancement of radiative transfer, sometimes larger than Planck’s
blackbody limit [118; 119; 52; 54]. But for the fact that non-zero net energy
transfer requires the temperatures of the two objects to be different, momen-
tum and energy transfer between two planar surfaces look remarkably similar.
Both behave asymptotically as d−n, where d is the gap between the two sur-
faces and n varies depending on the materials involved and the phenomena
under consideration. For instance n = 2 and n = 3, respectively, for radiative
heat transfer and van der Waals force between two SiO2 surfaces.
Experimental investigations of near-field effects in radiative energy transfer
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can be classified into three categories based on the configuration of objects
between which energy transfer is measured: (1) planar-planar [37; 39; 44;
120], (2) scanning probe tip and planar surface [121; 122; 123], and (3) micro-
sphere - planar [51; 52; 54; 53; 124]. Of the three configurations, we focus
on the micro-sphere-planar experiments because it allows for measurements at
≥ 30 nm gaps (though sphere and substrate make contact, surface roughness
does not allow for the effective gap to be zero), and at the same time enabling
comparison with recently developed numerical methods.
For the spheres used in experiments so far, R ≥ λT = 1.27h¯c/kBT (≈
10 µm at 300 K), where R is the radius of the sphere, 2pih¯ is Planck’s constant,
c is the velocity of light in vacuum, kB is Boltzmann’s constant, and λT is a
characteristic thermal wavelength given by Wien’s displacement law (R ≈ 25
µm in Ref. [51], R ≈ 50 µm in Ref. [52] and [53], R ≈ 11, 20 µm in Ref. [54],
and R ≈ 20 µm in Ref. [124]).
Despite recent progress, the regime of interest to experimentalists (10 nm ≤
d ≤ 3000 nm) can pose a challenge to current methods [125; 107]. Hence,
proximity-like approxmations are used to explain the measurements. Though
proximity approximation has a long and venerable history in computation of
van der Waals forces between curved surfaces [45; 126], its usage in energy
transfer is relatively new [51; 52; 54; 53; 49; 116]. For van der Waals and
Casimir forces, the proximity approximation is considered to be valid when
d/R → 0 [46; 127; 128; 129; 130]. While a proximity-like approximation was
sufficient to explain the measurements in Ref. [54], it could only explain qual-
itatively the measurements of radiative transfer between a silica micro-sphere
and a silica substrate in Ref. [52, see Figure 3B]. It is inconclusive from above
mentioned references whether the proximity-like approximation is sufficient to
explain near-field radiative transfer measurements. Golyk et. al. [131] have
recently predicted, within the assumption of a gradient approximation, that
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corrections to a proximity-like approximation should be minimal for near-field
radiative transfer between spherical surfaces of SiC and SiO2 for d/R ≤ 0.03.
While experiments with SiC micro-spheres have not been performed so far,
experiments with SiO2 allows us to test this prediction.
In this chapter, I offer experimental evidence to show that a proximity-like
approximation for energy transfer is valid even for spheres even when R ≤ λT
and d/R < 0.06. We also give numerical evidence (between spheres of equal
and unequal sizes) to show that the proximity “approximation” is more than
just an approximation.
5.2 Computation of Momentum and Energy
Transfer
The calculation explained in section 5.2 as well as Figure 5.1 are done by my
colleague Yi Zheng, they are used to explain the significance of my experi-
ments. Further details of computation of van der Waals force and Casimir
forces are available in Ref. [132].
We illustrate through Figure 5.1 the differences between thermal energy
transfer and thermal equilibrium van der Waals force between two half planes
of silica, because of which a proximity-like approximation may be valid under
different conditions for energy and momentum transfer. The real and imag-
inary parts of the dielectric function of silica are shown in Figure 5.1a. The
power spectral density of radiative heat transfer coefficient (at 300 K), hω(ω),
and equilibrium van der Waals force (at 300 K), fω(ω), at a separation of 10
nm are plotted in Figure 5.1b. Both spectra are calculated using the dyadic
Green’s function formalism and Rytov’s theory of fluctuational electrodynam-
ics [133; 134; 132]. Since the usual method of calculating van der Waals forces
[135], by evaluation of functions at imaginary frequencies (Matsubara frequen-
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Figure 5.1: (a) Real and imaginary parts of dielectric function of silica.
Normalized power spectral density. These data are used for all simulations in
this letter. Normalized power spectral density (b) and normalized cumulative
spectral density (c) for momentum (red, solid line) and energy transfer (blue,
dashed line). (d) Contribution of evanescent (EW) and propagating (PW)
waves to cumulative spectral density. Notice that energy transfer (the values
of Hω/H∞ are multiplied by 10 to aid visibility) is almost entirely due to
evanescent waves. The calculation and this figure are made by my colleague
Yi Zheng.
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cies), obscures the power spectral density, we perform all calculations at real
frequencies [134]. We use the method described by Paulus et. al. [136] to
handle singularities at high frequencies in the evaluation of van der Waals
force. Instead of plotting the power spectral density Xω(ω) (Xω = hω or fω),
we have plotted ωXω(ω) ln 10 (normalized suitably) in Figure 5.1b so that the
area under the plotted graph is proportional to the integral of Xω(ω).
A more informative visualization of the spectra is shown in Figure 5.1c,













dω′fω(ω′) are the total heat transfer coef-
ficient and equilibrium van der Waals force. The advantage of the normalized
cumulative spectral density over the power spectral density is that frequency
intervals of consequence to energy transfer and equilibrium van der Waals
forces can be identified more easily. This is especially true for computing forces
because it becomes clear that oscillations at high frequencies (ω ≥ 4 × 1017
rad.s-1) contribute negligibly to the total force. To ensure accuracy of our
numerical method, we evaluated the Hamaker coefficient for van der Waals
force between two half-planes of Au (described by an analytic dielectric func-




dω′fω(ω′). The difference in computed Hamaker coefficient between
two Au half-planes at a separation of 10 nm by the two methods was less than
1 %.
The contributions to the normalized cumulative power spectral density
from propagating waves (kρ ≤ ω/c, where kρ is the magnitude of the in-
plane wave-vector) and evanescent waves (kρ > ω/c) are shown in Figure
5.1d. Unlike the heat transfer coefficient, which is almost entirely composed
of evanescent waves, it is remarkable that evanescent and propagating waves
contribute almost equally, but with opposite signs, to van der Waals forces.
Spectral contributions to energy and momentum transfer, as shown in Figure
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Figure 5.2: (a) Schematic of experimental technique to measure radiative heat
transfer between sphere and substrate, which is mounted on a piezo translation
stage (not shown). The incident and reflected laser beams are almost collinear.
The motion of the reflected laser beam spot on a position sensitive detector
(not shown) gives the deflection of the cantilever. (b) Two spheres of unequal
radii between which conductance is evaluated exactly for R2/R1 = 40.
5.1b and 5.1c, are from different parts of the spectrum with entirely different
optical properties. Hence, the influence of curvature on these different types
of cannot expected to be the same.
5.3 Experimental Validation
We follow the experimental technique described in Refs. [51; 52; 54] to measure
near-field radiative transfer between a sphere and a substrate, the principle of
which is described in Figure 5.2 a. The deflection of a bi-material micro-
CHAPTER 5. VALIDITY OF PROXIMITY-LIKE APPROXIMATION
FOR SUB-WAVELENGTH SPHERES 75
cantilever to which a micro-sphere is attached, because of change in radiative
heat transfer as the substrate approaches the micro-sphere, is used to measure
the radiative conductance. Unlike in atomic force microscopy, the cantilever
is oriented perpendicular to the substrate in order to minimize the influence
of forces on the measured deflection.
Two silica spheres of radii 2.5 ± 0.2 µm and 13.76 ± 0.27 µm (measured
from SEM images - see supplementary information) are attached to the free end
of gold-coated silicon nitride micro-cantilevers (PNP-DB, NanoWorld AG).
The root mean square (rms) surface roughness, as measured by white light
interferometry, for the 2.5 µm sphere and 13.76 µm sphere are 3.7 nm and 6.7
nm respectively. The corresponding surface roughness of the silica substrate
was less than 0.5 nm. Though the rms surface roughness is less than 10 nm
for both spheres, the maximum peak-to-peak height in the area scanned is 22
nm and 74 nm for the 2.5 µm and 13.76 µm spheres respectively (see Figure
5.3). These peaks are relatively rare but are much higher than the rms surface
roughness, and the surface of the sphere can be likened to a lawn covered with
short grass and occasional tall trees [138]. After suitable calibration [114],
the deflection of the cantilever as measured by a position sensitive detector
(PSM 2-10, On-Trak; not shown in figure) can be converted to rate of heat
transfer between the sphere and substrate. Modifications to the experimental
apparatus described in Refs. [51; 52] allow the incident and reflected beams to
be collinear, thereby allowing for the sphere to be positioned further away from
the edge of the substrate. Addition optical elements (polarized beam splitter
and quarter wave plate) allow for separation of the incident and reflected laser
beams so that the reflected beam alone is incident on the position sensitive
detector and can be used for tracking the deflection/slope of the cantilever.
By controlling the power output of the laser diode, the temperature dif-
ference ∆T between the free end of the cantilever (which is at the same tem-
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Figure 5.3: Surface roughness of the (a) 2.5 µm micro-sphere, (b) 13.76 µm
micro-sphere. Measured with Veeco Wyko NT9100 optical profiler at CEPSR
Clean Room, Columbia University.
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perature as the sphere) and the substrate can be changed. The substrate, the
base of the cantilever, and rest of the environment are maintained passively
at the ambient temperature. To minimize convective heat transfer, the entire
experimental apparatus is suspended inside a vacuum chamber (pressure 100
µTorr). In a typical experiment the position of the silica substrate, which is
mounted on a piezo translation stage (NanoOP30, Mad City Labs), is ramped
at constant velocity (≈ 50 nm.s-1) from z = zmax (taken to be at largest gap)
to z = zmin. The sampling interval between two adjacent data points is 17
ms, during which the separation between the substrate and the micro-sphere
changes by ≈ 1 nm. The position sensitive detector signal changes smoothly
as z changes from zmax and shows a sudden jump at z = zc. We have con-
firmed that two signals from the position sensitive detector, corresponding
to deflection in perpendicular directions, yield the same value of zc for every
approach of the substrate. The apparent gap between the substrate and the
sphere, which is different from the true gap because of surface roughness on
the sphere, at any position z is then taken to be l = z− zc. l is usually varied
from l ≈ 1.5 µm to l = 0 (contact).
For each micro-sphere, cantilever deflection as a function of gap is measured
at seven different values of ∆T (varying from ≈ 10 oC to ≈ 50 oC). At each
value of ∆T , we sweep the gap multiple times (usually ranging between 70 and
130 sweeps). For any gap l, we bin all points with gap within l±1 nm to obtain
heat transfer rate, P (∆T ; l), as a function of ∆T . To further minimize any
possible impact of forces (electrostatic, van der Waals), the change in near field
radiative conductance, G(l)−G(lmax), is determined as ∂P (∆T, l)/∂∆T . By
repeating this procedure for each gap, we obtain G(l)−G(lmax) as a function
of l (lmax = 2364.5 nm for all data presented here). The measured data is
fit to a function of the form Gp(l + l0) − Gend, where Gp is the radiative
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Figure 5.4: Conductance as a function of separation d (= l + l0) for the
R = 2.5 µm and R = 13.76 µm spheres are shown in (a) and (b) respectively
(red points with error bars). Only the data for d/R ≤ 0.06 is shown in the
main figures. The entire data upto d = 1500 nm is shown in the inset. The
thick blue line is obtained from proximity approximation applied to the near-
field contribution to radiative transfer between two half planes. The black
circles are obtained from exact calculations.
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conductance as predicted by applying the modified proximity approximation 1
to the radiative heat transfer coefficient between two half-spaces of SiO2 [116].
l0 and Gend are the only two unknowns to be determined completely from
the fit. The measured conductance for R = 2.5 µm sphere and R = 13.76
µm sphere as a function of the actual separation d = l + l0 are shown in
Figure 5.4a and Figure 5.4b respectively (data points with error bars shown
in red, modified proximity approximation prediction is blue line, black circles
are predictions from numerical method to be explained below). Our analysis
of the data has shown that the modified proximity approximation can explain
the measurements for both spheres when d/R ≤ 0.05 (reduced χ2 is 1.01 for
R = 2.5 µm sphere and 1.09 for R = 13.76 sphere). Data upto l ≈ 1500 nm is
shown in the inset of Figure 5.4a and Figure 5.4b. Though modified proximity
approximation appears to predict the magnitude of change in conductance
reasonably well even at gaps larger than d/R > 0.05, the reduced χ2 values
(9.19 and 12.2 for R = 2.5 µm and R = 13.76 spheres respectively) indicate
otherwise. l0 is determined to be 21.3±0.83 nm and 32.5±0.78 nm for R = 2.5
µm and R = 13.76 µm spheres respectively. These values for l0 are consistent
with the lawn and tree model of the spherical surface described earlier. Gend
is determined to be 0.37 ± 0.01 nW.K-1 and −0.13 ± 0.01 nW.K-1 for the
13.76 µm and 2.5 µm spheres respectively. Modified proximity approximation
predicts a value of Gend close to that obtained by fitting for the 13.76 µm
radius sphere (≈ 0.5 nW.K-1). For the 2.5 µm radius sphere, the negative
value of Gend predicted by the fit (modified proximity approximation predicts
a value of ≈ 0.039 nW.K-1) can be explained by the fact that the sphere is not
1The proximity approximation has to be ammended for energy transfer because of a finite
far-field contribution to energy transfer [116]. Unlike energy transfer, thermal equilibrium
van der Waals forces decay with distance. For energy transfer, we apply the proximity
approximation only to the near-field contribution and treat the far-field contribution in
accordance with the laws of classical radiative transfer, when applicable.
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ideally positioned on the cantilever (See supplementary information for images
of the two spheres attached to the cantilevers). By attaching micro-spheres to
cantilevers with smaller profile [139], it will be possible to obtain better data
for R = 2.5 µm spheres, and may be possible to demonstrate the validity (or
invalidity) of proximity-like approximations to even sub-micron spheres.
5.4 Error Analysis
Experimentally the near-field radiative transfer is obtained by measuring the
deflection of the laser beam reflected by the micro-cantlever on a position sen-
sitive detector (PSD). The deflection signal in voltage, Vmeas, is then converted





where α is the absorptivity of the micro-cantilever and Sp is the power sen-
sitivity of the micro-cantilever in vacuum defined in Chapter 2. Ideally Prad
should be proportional to the PSD deflection signal, as described by Equation







Prad+γ. The term γ contains effects, such as van der Waals forces,
that affect the deflection of the cantilever, but do not change with the tem-











where ST and SP are the temperature and power sensitivity of the micro-
cantilever in vacuum environment, respectively. The temperature difference
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Using Equation 5.2 and 5.4, the increase of near-field conductance Gnf with
respect to the near-field conductance at the maximum gap, which is measured
in experiment, can be written as:








Following Equation 5.5, the upper limit of the error of near-field conduc-
tance is given by the relation:





∣∣∣∣+ ∣∣∣∣ δVmeasVmeas − γ
∣∣∣∣) (5.6)
As the error from incident power measurement is negligible, Equation 5.6
is simplified to:




∣∣∣∣) + αST2S2P δ(∂(Vmeas − γ)∂Pinc
)
(5.7)
The first term on RHS of Equation 5.7 is related to the measurement error
in calibration procedure, i.e. measurement error of absorptivity, temperature
and power sensitivity of the miro-cantilever respectively. From Figure 2.5, 2.3
and 2.4, the error from absorptivity measurement is ≈ 0.1%, from temperature
sensitivity measurement is ≈ 1% and from power sensitivity measurement is
≈ 0.1%. Therefore the total error contributed by the first term of on RHS of
Equation 5.7 is less than 1.3 % of Gnf . The second term on RHS of Equation
can be reduced to δ(∂Prad
∂T
), which is simply the error bar for near-field conduc-
tance as shown in Figure 5.4. Equation 5.7 indicates that an additional error
of 1.3 % of Gnf should be added to the error by linear least square fitting from
experiments.
In addition to the errors from calibration process and the experiment itself,
another source of error is the gap position error which comes with the process of
CHAPTER 5. VALIDITY OF PROXIMITY-LIKE APPROXIMATION
FOR SUB-WAVELENGTH SPHERES 82
gap sampling described early in this chapter and with more details in Chapter
3. Any measurement data within ± 1 nm range of a ’bin’ position is put
into that bin, and its position is replaced with the position of that bin. The
horizontal error bar of each bin position is plotted in Figure 5.4. The error of






where Gprox is the theoretical prediction of near-field condescendence using
proximity approximation, ∆d0 =
√
b2 + δd0, b is the error from sampling and
the expected value of b is 0.707 nm. This equation do not have close form
solution and can only be solved by fitting and iteration.
In summary, the total error in experimental is the sum of experimental
error, calibration error and position sampling error:
δtotal = δexperiment + δcalibation + δposition (5.9)
where δexperiment is the error bar from experiment and plotted in Figure 5.4,
δcalibation is given by the first term of RHS in Equation 5.7 and δposition is given
by Equation 5.8.
5.5 Conclusion
In conclusion, we have shown that the modified proximity approximation can
predict near field radiative transfer between a silica sphere and planar sub-
strates for d/R ≤ 0.06 for spheres of radii 2.5 ≤ R ≤ 13.76 µm. The surprising
finding is that the proximity approximation is also valid for small spheres, i.e.,
when R λT . The reasons, and possibly regimes, for validity of proximity ap-
proximations differ for thermal fluctuations and zero-point fluctuations. Since
thermal contribution to Casimir or van der Waals force at small gaps (d ≤ 1
µm at 300 K) is dominated by the zero-point contribution [140], measurement
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of radiative transfer can be used to indirectly ascertain the magnitude of ther-
mal forces at sub-micron gaps. Moreover, thermal contributions to van der
Waals forces also have a far-field component which cannot be treated simply
on the basis of proximity approximation.
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Chapter 6
Summary and Future Works
6.1 Summary
The purpose of my doctoral research is to make quantitative comparisons
between experimental measurement and theoretical/numerical prediction of
near-field radiative transfer between a micro-sphere and a substrate and pro-
vide experimental evidence to support or deny the validity of proximity-like
approximation.
With the work for my doctoral thesis, I have completed the following::
1. Conducted experiments between micro-spheres of radii as small as 2.5
µm and as large as 25 µm and a planar substrate.
2. Tested the validity of modified proximity approximation to explain ex-
perimental measurements over a range of radii from R ' 2.5µm to
R ' 25µm
3. Measured near-field radiative transfer between a micro-sphere and a tex-
tured substrate for the first time (unpublished)
I showed that the experimental measurements of near-field radiative trans-
fer up to gaps such that d/R < 0.05 can be explained by modified proximity
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approximation [116]. The most surprising finding is that proximity approxi-
mation is also valid for sub-wavelength spheres.
To enable these tasks, this work focuses on improving the optical beam
deflection techniques, both theoretically and experimentally, to measure near-
field radiative transfer.
In Chapter 2, a new non-destructive experimental technique to determine
the thermal conductance of a bi-material micro-cantilever has been developed.
By determining the response of the micro-cantilever to (1) uniform temper-
ature rise of the ambient, and (2) change in power absorbed at the tip, the
thermal conductance of heat transfer from the cantilever can be determined.
When the experiment is performed at low enough ambient pressure so that
convection is unimportant (lower than 0.1 Pa), Gcant can be measured exper-
imentally.
In previous experimental apparatuses, radiative transfer was measured be-
tween a micro-sphere and a truncated plane surface. This was necessary be-
cause of the optical configuration. Our new apparatus developed in Chapter 3
overcomes this drawback with a newly designed optical path. With this new
apparatus, the sphere can be placed sufficiently far away from the substrate
edge, making the measurement truly between a sphere and an infinite plane.
To go along with the improved apparatus, we have also modified the method of
data acquisition, calibration procedures and the thermal model for the experi-
ment. In terms of data collection, we can now eliminate the effects of spurious
forces.
Another change we have implemented in the experiment is that the sub-
strate is translated at a constant velocity, as opposed to discrete steps used in
previous experiments. Previous research pointed out that applying constant
voltage at room temperature to a piezo stage will cause creep and drift ef-
fects on piezo and lead to loss of position sensitivity [111; 112]. To avoid the
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issue posed by stage creep and drift, in my work all measurement are con-
ducted with the piezo stage, and thus the substrate, moving continuously. In
Chapter 4, a comprehensive thermal model for the experimental measurement
procedure has been developed and is used to predict the appropriate range of
substrate translation velocities for experiments. Experimental results validate
the theoretical prediction that faster substrate translation velocity will lead
to larger measurement error. The criterion of selecting proper translational
velocity and sampling rate for experiments has been discussed.
Chapter 5 shows the measurement of the change in near-field radiative
transfer between a planar substrate and micro-spheres of radii R = 2.5 µm
and R = 13.76 µm using the techniques developed in previous chapters. The
experimental measurements are compared to the numerical prediction using
the modified proximity approximation. In contrast to van der Waals force
and Casimir force measurements in which the proximity approximation agrees
better when applied to larger spheres, in radiative heat transfer measurements,
the modified proximity approximation agrees better for smaller spheres. This
surprising finding is explained by the difference in nature of radiative transfer
and forces.
6.2 Future Works
In Chapter 5, measurement of near-field radiation between a glass substrate
and a silica micro-sphere with radius of 2.5 µm is discussed. As seen from
Figure 5.4, the measured near-field conductance is close to 1 nW.K−1 while
the 95% confidence interval of the measurement, is ≈ 0.2 nW.K−1 which is of
the same magnitude as the measurement signal. In other words, we are close
to the limit with the resolution of our current experimental apparatus.
The resolution of our measurement system is limited by various kind of
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noise – semiconductor laser diode noise, amplifier noise, pickup noise from
electrical wiring, mechanical vibration noise from vacuum pump and building,
etc. In order to make reliable measurements of near-field radiative transfer
between objects with near-field conductance much smaller than 1 nW.K−1,
such as gold and silver, it is essential to decrease the noise level significantly.
6.2.1 Fiber Coupled Optical System
There are a few types of noise from a semiconductor laser diode that will affect
the output power intensity: Intensity noise related to spontaneous emission;
oscillation due to optical feedback; and temperature induced mode hopping
noise [109]. Noise originating from spontaneous emission is only important
when the laser operates close to its threshold. When laser power increases,
this noise becomes negligible when compared to total output power of the
diode; laser oscillation due to optical feedback can be effectively suppressed
with the method described in Section 3.3.3. However, the temperature induced
mode hopping does exist and seems to be the most significant noise from the
laser diode in our experiment.
Because of the technical challenges in dissipating heat effectively within the
limited space of the vacuum chamber, temperature of the laser diode is not
regulated by any active temperature control devices in our apparatus. Poor
heat management with simple passive cooling in vacuum environment leads
to the prolonged waiting period before the output laser is stable enough for
experiment. As described in Chapter 3, the experiment is conducted at several
(about 10) different laser output levels. After changing the laser output power
to a new level, a stabilization time of at least several hours must be observed
before the stability of the laser output power is acceptable for measurement.
The waiting time can be even longer when laser output power is high. Even
after the laser power is ‘stabilized’, noise and drift still cause much trouble in
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measurement.
I suggest to move the laser diode out of the vacuum chamber and use
optical fiber to transport light into the chamber. The laser diode can be
mounted to a TEC laser diode mount whose temperature can be precisely
regulated to the accuracy of 0.002 K over 24 hour period (Thorlabs, ITC
4001). The naturally round beam from an optical fiber, unlike the elliptical
beam from a free space laser diode, can easily by focused to a high quality
spot on a cantilever. Another advantage of taking the laser diode out of the
vacuum chamber is that the laser power can be easily changed by adding
neutral density filters in the beam path rather than changing the laser driving
current. The laser diode would then operate at one single constant output level
throughout the whole experiment, decreasing the length of the experiment
considerably. For example, currently I can only conduct measurements for one
to two temperature differences each day because of the long waiting period
after each power change. A whole measurement can easily take one week or
longer. After implementing the fiber coupled laser source, one experiment
could be finished in two days. It may be possible to include a motorized filter
wheel in the current system ( Thorlabs FW102C), but it is bulky in size and
whether it can be reliably operated in vacuum environment is questionable.
6.2.2 Position Modulation Technique
6.2.2.1 Technique Description
Noise in experiments is usually spread over a broad spectrum. With current
time resolved optical beam deflection technique, noise from the entire spectrum
will contribute to the whole noise power and decrease the signal-to-noise ratio
in measurement. With the position modulation technique, only noise from a
very narrow spectrum in vicinity to the modulation frequency contributes to
measurement noise as most noise is filtered out by a lock-in amplifier. The
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Figure 6.1: A cartoon shows the principle of measuring near-field radiative
transfer by modulating the position of the substrate
biggest advantage of the position modulating technique over current methods
is its potential to achieve a much higher signal-to-noise ratio, thus increase the
resolving power of the system for low power radiation.
The schematic of an experimental apparatus to measure near-field radiative
transfer using the substrate position modulation technique is shown in Figure
6.1. The position of the substrate, which is mounted on a piezo stage, is
modulated sinusoidally by a small magnitude (compared to the magnitude of
the gap) around a fixed “DC offset position” by a function generator. The
output of the function generator is also fed to a lock-in amplifier as a reference
frequency. The frequency response of the micro-cantilever deflection resulting
from the changing in near-field conductance between the micro-sphere and the
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Figure 6.2: Frequency response of the piezo stage used in my experiments,
the 3 dB cutoff frequency is ≈ 50 Hz. I use 10 Hz as the modulation frequency
in position modulation experiments.
substrate is detected by the lock-in. The curve of near-field conductance vs
gap is obtained by changing the DC position of the substrate and measuring
frequency response at each fixed gap.
To determine the frequency for experiment, frequency response of the piezo
stage is measured and the normalized results are shown in Figure 6.2. A
constant amplitude sinusoidal signal with frequencies ranging from 1 Hz to
100 Hz at steps of 1 Hz is fed to the input of the piezo controller and the
amplitude of the monitor signal, which is proportional to the real time position
of the piezo stage, is recorded. According to Figure 6.2, the 3 dB cutoff
frequency of the piezo stage is ≈ 50 Hz. I chose 10 Hz as the modulation
frequency in position modulation experiments, as it is the highest frequency
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the piezo can sustain without frequency response decreasing. In Chapter 4, I
have shown that the time constant of the micro-cantilever with 25 µm micro-
sphere attached is 40 ms, much shorter than the 100 ms modulation frequency
of the piezo stage. The digital filter of the lock-in was set to 24 dB/octave
in order to maximize noise rejection. To match the filter setting, the time
constant of lock-in amplifier is set to be 1 second (10 times of the signal period)
and the sampling interval is set to be 10 seconds (10 times of the lock-in time
constant).
I spent several months on the research project of developing the position
modulation technique, but I have been unable to obtain results good enough
to be included in this thesis as a separate chapter.
6.2.2.2 Determine the Time Constant of the Micro-sphere
The biggest challenge I met in preliminary research is that I could not deter-
mine exact time constant of the micro-sphere attached to the micro-cantilever.
In Chapter 4 I calculate the time constant τsph of the bi-material micro-
cantilever (PNP-DB, Nanoworld) with a silica micro-sphere of 25 µm in radius
to be 40 ms using the equation τsph = mCp/Gc, where mCp is the thermal ca-
pacitance of the micro-sphere and Gc is the thermal conductance of the micro-
cantilever. However, when I measured the dependence of frequency response
of the micro-sphere on modulation frequency, I found the actual time constant
much larger than the theoretical value shown above.
In measuring dependence on modulation frequency, the position of the sub-
strate is modulated by a piezo stage sinusoidally while its central offset position
remains constant. The amplitude of the sinusoidal modulation signal is kept
constant and the modulation frequency is changed. The frequency response
of near-field radiative transfer between the substrate and the micro-sphere is
measured with the lock-in amplifier. I have measured frequency response be-
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Figure 6.3: Position modulation measurement at two fixed separations: 100
nm and 200 nm, plotted as blue and red dots respectively. In measurements,
the modulation amplitude remains 50 nm. The measurements indicate time
constants much longer than the 40 ms time constant predicted by theory.
CHAPTER 6. SUMMARY AND FUTURE WORKS 94
tween a silica micro-sphere of 25 µm in radius and a glass substrate for two
fixed offset separations of 100 nm and 200 nm. The modulation amplitude is
±50 nm for all frequencies and the measurement results are plotted in Figure
6.3 as blue dots and red dots respectively. I measured frequency range from
0.01 Hz to 10 Hz. At 200 nm gap, the frequency response shows a trend of
saturation when frequency is lower than 0.1 Hz, which corresponds to a time
constant of 10/2pi = 1.6 second; while at 100 nm gap, I did not see saturation
even for frequency of 0.01 Hz. Both of these measurements indicates a much
longer time constant than what was expected theoretically.
A new technique to measure the time constant of a micro-cantilever using
two lasers was recently developed by my colleague Carlo Canetta [139]. I sug-
gest using that technique to measure the time constant of the micro-cantilever
with micro-sphere attached.
6.2.2.3 Maintaining Constant Gap between Sphere and Substrate
One major drawback of the position modulation technique is that it takes
a long time to conduct the measurement. When the 24 dB/octave filter of
lock-in amplifier is in use, the sampling interval should be 100 times the time
constant of the micro-cantilever. The issue is aggravated if the time constant
for the micro-cantilever itself is very long, as I described in the previous section
to be the case. For example, if the time constant is 10 seconds, it takes
more than 10 minutes to take a single measurement. As we usually need to
take several measurements at one gap to get reliable results, the experiment
procedure can be easily longer than one hour for each gap position. During
that period, the relative position between the micro-sphere and the substrate
should remain constant. This is quite challenging especially when the gap is
small, as factors like piezo creep, thermal expansion of the cantilever due to
ambient temperature change, and mechanical vibration can all lead to gap
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Figure 6.4: Near-field radiative transfer measured for a meta material devel-
oped by Los Alamos National Lab. (a) Measurement for sample with surface
grating pattern. (b) Measurement for a blank sample for comparison. This
sample is of the same material and structure but has no surface grating pat-
tern.
change over time. Although it is also important to eliminate unwanted piezo
movement in time resolved measurements, the issue of gap change is not as
serious because the time to finish each measurement is much shorter. For
position modulation measurements, maintaining constant gap can be one of
the biggest challenges and requires a lot of effort to overcome.
6.2.3 Near-field Measurement for Meta-materials
The technique developed in this work not only can measure enhanced near-
field radiative transfer between natural materials such as SiO2 and SiC, but
can also be applied to measure enhanced near-field radiation between man-
made materials, making it a powerful and interesting tool to help exploration
of new material and device structures.
Figure 6.4 shows the measurement of enhanced near-field radiative transfer
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for a meta material developed by Los Alamos National Lab. A patterned gold
layer of 100 nm is deposited onto a layer of oxynitride whose thickness is ≈
1000 nm. The material is designed to have 99 % absorptivity at the wavelength
of 9 µm when incident radiation is normal to the surface. Figure 6.4 (a) is the
measurement for the sample with surface pattern and (b) is the measurement
for a blank sample with the same structure and material but no surface pattern
for comparison purposes. The measurements performed by using the technique
developed in this thesis clearly show that significant improvement in near-field
radiation can be achieved by proper design of surface grating patterns.
Finally, by using smoother spheres, such as gold coated polystyrene spheres,
it may be possible to measure the saturation of near-field radiative transfer at






[1] M. Planck, The Theory of Heat Radiation. New York: Dover Publica-
tions, 1991.
[2] J.-P. Mulet, K. Joulain, R. Carminati, and J.-J. Greffet, “Enhanced ra-
diative transfer at nanometric distances,” Microscale Thermophys. Eng.,
vol. 6, pp. 209–222, 2002.
[3] S. Kursat, C. Peng, and W. Challener, “Near-field radiation from a ridge
waveguide transducer in the vicinity of a solid immersion lens,” Phys.
Rev. Lett., vol. 94, pp. 043901–, Jan. 2005.
[4] M. Kryder, E. Gage, T. McDaniel, W. Challener, R. Rottmayer, G. Ju,
Y.-T. Hsia, and M. Erden, “Heat assisted magnetic recording,” Proceed-
ings of the IEEE, vol. 96, pp. 1810 –1835, 2008.
[5] W. Challener, C. Peng, A. Itagi, D. Karns, W. Peng, Y. Peng, X. Yang,
X. Zhu, N. Gokemeijer, Y.-T. Hsia, et al., “Heat-assisted magnetic
recording by a near-field transducer with efficient optical energy trans-
fer,” Nature photonics, vol. 3, pp. 220–224, 2009.
[6] B. Wedlock, “Thermo-photo-voltaic energy conversion,” Proceedings of
the IEEE, vol. 51, pp. 694 – 698, 1963.
[7] J. Werth, “Thermo-photovoltaic energy conversion,” Proc. 17th Power
Source Conf., vol. 17, p. 23, 1963.
BIBLIOGRAPHY 99
[8] J. Benner, T. Coutts, and D. Ginley, eds., The 2nd NREL Conference
on Thermophotovoltaic Generation of Electricity. Proceedings, 1996.
[9] J. L. Pan, H. K. H. Choy, and C. G. Fonstad IEEE Trans. Elec. Dev.,
vol. 47, p. 241, 2000.
[10] W. M. D., “The influence of interference and heterojunctions on the per-
formance of microscale thermophotovoltaic devices,” Microscale Ther-
mophysical Engineering, vol. 5, pp. 89–106, 2001.
[11] M. D. Whale and E. G. Gravaiho, “Modeling and performance of mi-
croscale thermophotovoltaic energy conversion devices,” Power Engi-
neering Review, IEEE, vol. 22, p. 67, jan. 2002.
[12] M. Laroche, R. Carminati, and J.-J. Greffet, “Near-field thermophoto-
voltaic energy conversion,” J. of Appl. Phys., vol. 100, p. 063704, 2006.
[13] K. Park, S. Basu, W. King, and Z. Zhang, “Performance analysis of near-
field thermophotovoltaic devices considering absorption distribution,”
Journal of Quantitative Spectroscopy and Radiative Transfer, vol. 109,
pp. 305 – 316, 2008.
[14] R. DiMatteo, P. Greiff, D. Seltzer, D. Meulenberg, E. Brown, E. Carlen,
K. Kaiser, S. Finberg, H. Nguyen, J. Azarkevich, et al., “Micron gap
thermophotovoltaics (mtpv),” AIP Conference Proceedings, vol. 738,
p. 42, 2004.
[15] Z.-W. Liu, Q.-H. Wei, and X. Zhang, “Surface plasmon interference
nanolithography,” Nano Letters, vol. 5, no. 5, pp. 957–961, 2005.
[16] L. Wang, S. M. Uppuluri, E. X. Jin, and X. Xu, “Nanolithography using
high transmission nanoscale bowtie apertures,” Nano Letters, vol. 6,
no. 3, pp. 361–364, 2006.
BIBLIOGRAPHY 100
[17] Y. De Wilde, F. Formanek, R. Carminati, B. Gralak, P.-A. Lemoine,
K. Joulain, J.-P. Mulet, Y. Chen, and J.-J. Greffet, “Thermal radiation
scanning tunnelling microscopy,” Nature, vol. 444, pp. 740–743, 2006.
[18] B. Guha, C. Otey, C. B. Poitras, S. Fan, and M. Lipson, “Near-field ra-
diative cooling of nanostructures,” Nano Letters, vol. 12, no. 9, pp. 4546–
4550, 2012.
[19] R. Fontana, S. Hetzler, and G. Decad, “Technology roadmap compar-
isons for tape, hdd, and nand flash: Implications for data storage ap-
plications,” Magnetics, IEEE Transactions on, vol. 48, pp. 1692 –1696,
2012.
[20] T. M. Regan, J. G. Martin, and J. Riccobono, “Tpv conversion of nuclear
energy for space applications,” AIP Conference Proceedings, vol. 321,
no. 1, pp. 322–330, 1995.
[21] R. E. Nelson, “A brief history of thermophotovoltaic development,”
Semiconductor Science and Technology, vol. 18, no. 5, p. S141, 2003.
[22] T. J. Coutts, “An overview of thermophotovoltaic generation of electric-
ity,” Solar energy materials and solar cells, vol. 66, no. 1, pp. 443–452,
2001.
[23] T. J. Coutts, G. Guazzoni, and J. Luther, “An overview of the fifth con-
ference on thermophotovoltaic generation of electricity,” Semiconductor
Science and Technology, vol. 18, no. 5, p. S144, 2003.
[24] S. M. Rytov, Theory of Electric Fluctuations and Thermal Radiation.
Bedford, MA: Air Force Cambridge Research Center, 1959.
[25] D. Polder and M. Van Hove, “Theory of radiative heat transfer between
closely spaced bodies,” Phys. Rev. B, vol. 4, pp. 3303–3314, 1971.
BIBLIOGRAPHY 101
[26] J. B. Pendry, “Radiative exchange of heat between nanostructures,”
vol. 11, pp. 6621–6633, 1999.
[27] A. I. Volokitin and B. N. J. Persson, “Radiative heat transfer between
nanostructures,” Phys. Rev. B, vol. 63, p. 205404, 2001.
[28] A. I. Volokitin and B. N. J. Persson, “Resonant photon tunneling
enhancement of the radiative heat transfer,” Phys. Rev. B, vol. 69,
p. 045417, 2004.
[29] J.-P. Mulet, K. Joulain, R. Carminati, and J.-J. Greffet, “Nanoscale
radiative heat transfer between a small particle and a plane surface,”
Applied Physics Letters, vol. 78, pp. 2931–2933, 2001.
[30] J. J. Loomis and H. J. Maris, “Theory of heat transfer by evanescent
electromagnetic waves,” vol. 50, p. 18517, 1994.
[31] C. J. Fu and Z. M. Zhang, “Nanoscale radiation heat transfer for sili-
con at different doping levels,” International Journal of Heat and Mass
Transfer, vol. 49, pp. 1703–1718, 2006.
[32] R. Carminati and J.-J. Greffet, “Near-field effects in spatial coherence
of thermal sources,” vol. 82, p. 1660, 1999.
[33] A. V. Shchegrov, K. Joulain, R. Carminati, and J.-J. Greffet vol. 85,
p. 1548, 2000.
[34] F. Marquier, K. Joulain, J. Mulet, R. Carminati, and J. Greffet, “Engi-
neering infrared emission properties of silicon in the near field and the
far field,” vol. 237, pp. 379 – 388, 2004.
[35] G. Domingues, S. Volz, K. Joulain, and J.-J. Greffet, “Heat transfer
between two nanoparticles through near field interaction,” vol. 94, no. 8,
p. 085901, 2005.
BIBLIOGRAPHY 102
[36] B. Saleh and M.C.Teich, Fundamentals of Photonics. Wiley-Interscience;
2 edition, 2007.
[37] G. Domoto, R. Boehm, and C. Tien, “Experimental investigation of
radiative transfer between metallic surfaces at cryogenic temperatures,”
vol. 92, pp. 412–417, 1970.
[38] C. Hargreaves, “Anomalous radiative transfer between closely-spaced
bodies,” Phys. Lett. A, vol. 30a, pp. 491 – 2, 1969.
[39] C. Hargreaves, “Radiative transfer between closely spaced bodies,”
Philips Res. Rep. Suppl., vol. 5, pp. 1–80, 1973.
[40] J.-B. Xu, K. Lauger, R. Moller, K. Dransfeld, and I. H. Wilson, “Heat
transfer between two metallic surfaces at small distances,” vol. 76,
pp. 7209–7216, 1994.
[41] A. Kittel, W. Muller-Hirsch, J. Parisi, S. Biehs, D. Reddig, and
M. Holthaus, “Near-field heat transfer in a scanning thermal micro-
scope,” vol. 95, p. 224301, 2005.
[42] U. F. Wischnath, J. Welker, M. Munzel, and A. Kittel, “The near-field
scanning thermal microscope,” Review of Scientific Instruments, vol. 79,
p. 073708, 2008.
[43] L. Hu, A. Narayanaswamy, X. Chen, and G. Chen1, “Near-field ther-
mal radiation between two closely spaced glass plates exceeding plancks
blackbody radiation law,” Appl. Phys. Lett., vol. 92, p. 133106, 2008.
[44] R. S. Ottens, V. Quetschke, S. Wise, A. A. Alemi, R. Lundock,
G. Mueller, D. H. Reitze, D. B. Tanner, and B. F. Whiting, “Near-field
radiative heat transfer between macroscopic planar surfaces,” Phys. Rev.
Lett., vol. 107, p. 014301, 2011.
BIBLIOGRAPHY 103
[45] H. C. Hamaker, “The London–van der Waals attraction between spher-
ical particles,” Physica, vol. 4, pp. 1058–1072, 1937.
[46] B. V. Derjaguin, I. I. Abrikosova, and E. M. Lifshitz, “Direct measure-
ment of molecular attraction between solids separated by a narrow gap,”
Quarterly Reviews, vol. 10, pp. 295–329, 1956.
[47] J. Blocki, J. Randrup, W. J. Swiatecki, and C. F. Tsang, “Proximity
forces,” Ann. Phys. (N.Y.), vol. 105, pp. 427–462, 1977.
[48] S. K. Lamoreaux, “Demonstration of the casimir force in the 0.6 to 6µm
range,” Phys. Rev. Lett., vol. 78, pp. 5–8, Jan 1997.
[49] A. Narayanaswamy and G. Chen, “Thermal near–field radiative transfer
between two spheres,” Phys. Rev. B, vol. 77, p. 075125, 2008.
[50] J. R. Barnes, R. J. Stephenson, C. N. Woodburn, S. J. O’Shea, M. E.
Welland, T. Rayment, J. K. Gimzewski, and C. Gerber, “A femto-
joule calorimeter using micromechanical sensors,” vol. 65, pp. 3793–3798,
1994.
[51] A. Narayanaswamy, S. Shen, and G. Chen, “Near–field radiative heat
transfer between a sphere and a substrate,” Phys. Rev. B, vol. 78,
p. 115303, 2008.
[52] S. Shen, A. Narayanaswamy, and G. Chen, “Surface phonon polaritons
mediated energy transfer between nanoscale gaps,” Nano Lett., vol. 9,
p. 29092913, 2009.
[53] S. Shen, A. Mavrokefalos, P. Sambegoro, and G. Chen, “Nanoscale
thermal radiation between two gold surfaces,” Applied Physics Letters,
vol. 100, no. 23, p. 233114, 2012.
BIBLIOGRAPHY 104
[54] E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J. Chevrier, and J.-
J. Greffet, “Radiative heat transfer at the nanoscale,” Nature Photonics,
vol. 3, pp. 514–517, Sept. 2009.
[55] J. Lai, T. Perazzo, Z. Shi, and A. Majumdar, “Optimization and perfor-
mance of high-resolution micro-optomechanical thermal sensors,” vol. 58,
pp. 113–119, 1997.
[56] J. Varesi, J. Lai, T. Perazzo, Z. Shi, and A. Majumdar, “Pho-
tothermal measurements at picowatt resolution using uncooled micro-
optomechanical sensors,” vol. 71, pp. 306–308, 1997.
[57] P. G. Datskos, N. V. Lavrik, and S. Rajic, “Performancs of uncooled
microcantilever thermal detectors,” vol. 75, pp. 1134–1148, 2004.
[58] T. Thundat, E. A. Wachter, S. L. Sharp, and R. J. Warmack, “Detection
of mercury vapor using resonating microcantilevers,” Appl. Phys. Lett.,
vol. 66, pp. 1695–1697, 1995.
[59] R. Berger, H. P. Lang, C. Gerber, J. K. Gimzewski, J. H. Fabian, E. M.
L. Scandella, and H. J. Guntherodt, “Micromechanical thermogravime-
try,” Chemical Physics Letters, vol. 294, pp. 363–369, 1998.
[60] M. Li, H. X. Tang, and M. L. Roukes, “Ultra-sensitive NEMS-based
cantilevers for sensing, scanned probe and very high-frequency applica-
tions,” Nature Nanotechnology, vol. 2, pp. 114–120, 2007.
[61] J. K. Gimzewski, C. Gerber, E. Meyer, and R. R. Schlittler, “Observation
of a chemical reaction using a micromechanical sensor,” Chem. Phys.
Lett., vol. 217, pp. 589–594, 1994.
BIBLIOGRAPHY 105
[62] C. Van Neste, L. Senesac, D. Yi, and T. Thundat, “Standoff detection
of explosive residues using photothermal microcantilevers,” Appl. Phys.
Lett., vol. 92, no. 13, pp. 134102 – 1, 2008.
[63] A. Krause, C. Van Neste, L. Senesac, T. Thundat, and E. Finot, “Trace
explosive detection using photothermal deflection spectroscopy,” J. Appl.
Phys., vol. 103, no. 9, pp. 094906 – 1, 2008/05/01.
[64] R. Mukhopadhyay, V. Sumbayev, M. Lorentzen, J. Kjems, P. Andreasen,
and F. Besenbacher, “Cantilever sensor for nanomechanical detection of
specific protein conformations,” Nano Lett., vol. 5, no. 12, pp. 2385 –
2388, 2005.
[65] T. Braun, N. Backmann, M. Vogtli, A. Bietsch, A. Engel, H.-P.
Lang, C. Gerber, and M. Hegner, “Conformational change of bacteri-
orhodopsin quantitatively monitored by microcantilever sensors,” Bio-
phys. J., vol. 90, no. 8, pp. 2970 – 7, 2006.
[66] M. Su, S. Li, and V. Dravid, “Microcantilever resonance-based dna de-
tection with nanoparticle probes,” Appl. Phys. Lett., vol. 82, no. 20,
pp. 3562 – 4, 2003.
[67] C. Kocum, S. Ulgen, E. Cubukcu, and E. Piskin, “Atomic force mi-
croscopy tips (cantilevers) as molecular nucleic acid sensors,” Ultrami-
croscopy, vol. 106, no. 4-5, pp. 326 – 33, 2006.
[68] F. Huber, N. Backmann, W. Grange, M. Hegner, C. Gerber, and
H. Lang, “Analyzing gene expression using combined nanomechanical
cantilever sensors,” J. Phys., Conf. Ser., vol. 61, no. 1, pp. 450 – 3,
2007.
BIBLIOGRAPHY 106
[69] J. L. Hutter and J. Bechhoefer, “Measurement and manipulation of van
der Waals forces in atomic-force microscopy,” vol. 12, pp. 2251–2253,
1994.
[70] A. Drechsler, N. Petong, J. Zhang, D. Kwok, and K. Grundke, “Force
measurements between teflon af and colloidal silica particles in elec-
trolyte solutions,” Colloids Surf. A, Physicochem. Eng. Aspects (Nether-
lands), vol. 250, pp. 357 – 66, 2004.
[71] A. Weisenhorn, P. Hansma, T. Albrecht, and C. Quate, “Forces in atomic
force microscopy in air and water,” Appl. Phys. Lett., vol. 54, no. 26,
pp. 2651 – 3, 1989.
[72] S. Crittenden, A. Raman, and R. Reifenberger, “Probing attrac-
tive forces at the nanoscale using higher-harmonic dynamic force mi-
croscopy,” Phys. Rev., B, Condens, Matter Mater. Phys. (USA), vol. 72,
no. 23, pp. 235422 – 1, 2005.
[73] N. Burnham and R. Colton, “Measuring the nanomechanical properties
and surface forces of materials using an atomic force microscope,” J.
Vac. Sci. Technol. A, vol. 7, no. 4, pp. 2906 – 13, 1989.
[74] U. Mohideen and A. Roy, “A precision measurement of the casimir force
between 0.1 to 0.9µm,” Phys. Rev. Lett., vol. 81, pp. 4549–4552, 1998.
[75] A. Roy, C. Lin, and U. Mohideen, “Improved precision measurement of
the casimir force,” Phys. Rev. D, vol. 60, pp. 111101–05, 1999.
[76] D. Ogletree, R. Carpick, and M. Salmeron, “Calibration of frictional
forces in atomic force microscopy,” Rev. Sci. Instrum., vol. 67, no. 9,
pp. 3298 – 306, 1996.
BIBLIOGRAPHY 107
[77] Y. Ando and N. Shiraishi, “Development of a microlateral force sensor
and its evaluation using lateral force microscopy,” Rev. Sci. Instrum.,
vol. 78, no. 3, pp. 33701 – 1, 2007.
[78] P. G. Datskos, P. I. Oden, T. Thundat, E. A. Wachter, R. J. Warmack,
and S. R. Hunter, “Remote infrared radiation detection using piezore-
sistive microcantilevers,” vol. 69, no. 20, pp. 2986–2988, 1996.
[79] O. Nakabeppu, M. Chandrachood, Y. Wu, J. Lai, and A. Majum-
dar, “Scanning thermal imaging microscope using composite cantilever
probes,” vol. 66, pp. 694–696, 1995.
[80] G. Binnig, M. Despont, U. Drechsler, W. Haberle, M. Lutwyche, P. Vet-
tiger, H. J. Mamin, B. W. Chui, and T. W. Kenny, “Ultrahigh-density
atomic force microscopy data storage with erase capability,” Applied
Physics Letters, vol. 74, no. 9, pp. 1329–1331, 1999.
[81] P. Vettiger, G. Cross, M. Despont, U. Drechsler, U. Durig, B. Gotsmann,
W. Haberle, M. Lantz, H. Rothuizen, R. Stutz, and G. Binnig, “The
”millipede” - nanotechnology entering data storage,” Nanotechnology,
IEEE Transactions on, vol. 1, no. 1, pp. 39–55, 2002.
[82] B. A. Nelson, W. P. King, A. R. Laracuente, P. E. Sheehan, and
L. J. Whitman, “Direct deposition of continuous metal nanostructures
by thermal dip-pen nanolithography,” Applied Physics Letters, vol. 88,
no. 3, p. 033104, 2006.
[83] S.-J. Kim, T. Ono, and M. Esashi, “Thermal imaging with tapping mode
using a bimetal oscillator formed at the end of a cantilever,” Rev. Sci.
Instrum., vol. 80, pp. 033703–6, Mar. 2009.
BIBLIOGRAPHY 108
[84] B. A. Nelson and W. P. King, “Measuring material softening with
nanoscale spatial resolution using heated silicon probes,” Review of Sci-
entific Instruments, vol. 78, FEB 2007.
[85] J. Zhou, B. Berry, J. F. Douglas, A. Karim, C. R. Snyder, and C. Soles,
“Nanoscale thermal-mechanical probe determination of ’softening tran-
sitions’ in thin polymer films,” Nanotechnology, vol. 19, DEC 10 2008.
[86] L. Pinnaduwage, A. Gehl, D. Hedden, G. Muralidharan, T. Thundat,
R. Lareau, T. Sulchek, L. Manning, B. Rogers, M. Jones, and J. Adams,
“A microsensor for trinitrotoluene vapour,” Nature, vol. 425, pp. 474–
474, OCT 2 2003.
[87] G. C. Ratcliff, D. A. Erie, and R. Superfine, “Photothermal modulation
for oscillating mode atomic force microscopy in solution,” Appl. Phys.
Lett., vol. 72, pp. 1911–1913, 1998.
[88] T. Eastman and D.-M. Zhu, “Influence of an afm tip on interfacial melt-
ing on ice,” Journal of colloid and interface science, vol. 172, no. 2,
pp. 297–301, 1995.
[89] S.-M. Lee and D. G. Cahill, “Heat transport in thin dielectric films,” J.
Appl. Phys., vol. 81, pp. 2590–2595, Mar. 1997.
[90] B. Zink and F. Hellman, “Specific heat and thermal conductivity of
low-stress amorphous si-n membranes,” Solid State Communications,
vol. 129, no. 3, pp. 199–204, 2004.
[91] B. L. Zink, B. Revaz, J. J. Cherry, and F. Hellman, “Measurement
of thermal conductivity of thin films with a si-n membrane-based mi-
crocalorimeter,” vol. 76, p. 024901, 2005.
BIBLIOGRAPHY 109
[92] R. Sultan, A. Avery, G. Stiehl, and B. Zink, “Thermal conductivity
of micromachined low-stress silicon-nitride beams from 77 to 325 k,”
Journal of Applied Physics, vol. 105, no. 4, pp. 043501–043501–7, 2009.
[93] L. Shi and A. Majumdar, “Thermal transport mechanisms at
nanoscale point contacts,” TRANSACTIONS-AMERICAN SOCIETY
OF MECHANICAL ENGINEERS JOURNAL OF HEAT TRANSFER,
vol. 124, no. 2, pp. 329–337, 2002.
[94] K. Park, G. L. Cross, Z. M. Zhang, and W. P. King, “Experimental
investigation on the heat transfer between a heated microcantilever and
a substrate,” Journal of heat transfer, vol. 130, no. 10, 2008.
[95] L. Thiery, S. Toullier, D. Teyssieux, and D. Briand, “Thermal contact
calibration between a thermocouple probe and a microhotplate,” Journal
of heat transfer, vol. 130, no. 9, 2008.
[96] V. S. Lefvre, S. and Chapuis, “Nanoscale heat transfer at contact be-
tween a hot tip and a substrate,” International journal of heat and mass
transfer, vol. 49, no. 1, pp. 251–258, 2006.
[97] P.-O. Chapuis, J.-J. Greffet, K. Joulain, and S. Volz, “Heat transfer be-
tween a nano-tip and a surface,” Nanotechnology, vol. 17, no. 12, p. 2978,
2006.
[98] J. Lee and W. P. King, “Microcantilever hotplates: Design, fabrica-
tion, and characterization,” Sensors and Actuators A-Physical, vol. 136,
pp. 291–298, MAY 1 2007.
[99] S. Shen, A. Narayanaswamy, S. Goh, and G. Chen, “Thermal con-
ductance of AFM bi–material cantilevers,” Appl. Phys. Lett., vol. 92,
p. 063509, 2008.
BIBLIOGRAPHY 110
[100] W. C. Young, Roark’s Formulas for Stress and Strain. Mcgraw-Hill,
1989.
[101] K. J. Kim and W. P. King, “Thermal conduction between a heated
microcantilever and a surrounding air environment,” vol. 29, pp. 1631 –
1641, 2009.
[102] J. Lee, T. L. Wright, M. R. Abel, E. O. Sunden, A. Marchenkov, S. Gra-
ham, and W. P. King, “Thermal conduction from microcantilever heaters
in partial vacuum,” vol. 101, JAN 1 2007.
[103] K. Park, J. Lee, Z. M. Zhang, and W. King, “Frequency-dependent
electrical and thermal response of heated atomic force microscope can-
tilevers,” Microelectromechanical Systems, Journal of, vol. 16, no. 2,
pp. 213–222, 2007.
[104] X. J. Hu, A. Jain, and K. E. Goodson, “Investigation of the natural
convection boundary condition in microfabricated structures,” vol. 47,
no. 7, pp. 820–824, 2008.
[105] M. M. Yovanovich, Handbook of heat transfer, ch. 3. Mcgraw-Hill, 1998.
[106] M. M. Yovanovich and E. E. Marotta, Heat Transfer Handbook, ch. 4.
Wiley-Interscience, 2003.
[107] C. Otey and S. Fan, “Numerically exact calculation of electromagnetic
heat transfer between a dielectric sphere and plate,” Phys. Rev. B,
vol. 84, pp. 245431–, Dec. 2011.
[108] G. Meyer and N. M. Amer, “Simultaneous measurement of lateral and
normal forces with an optical beam deflection atomic force microscope,”
Applied physics letters, vol. 57, no. 20, pp. 2089–2091, 1990.
BIBLIOGRAPHY 111
[109] T. Fukuma, M. Kimura, K. Kobayashi, K. Matsushige, and H. Yamada,
“Development of low noise cantilever deflection sensor for multienvi-
ronment frequency–modulation atomic force microscopy,” Rev. Sci. In-
strum., vol. 76, p. 053704, 2005.
[110] J. Israelachvili, Intermolecular and Surface Forces. New York: Academic
Press, 1991.
[111] F. Chen, G. L. Klimchitskaya, V. M. Mostepanenko, and U. Mohideen,
“Control of the casimir force by the modification of dielectric properties
with light,” Phys. Rev. B, vol. 76, pp. 035338–, July 2007.
[112] A. A. BANISHEV, C.-C. CHANG, and U. MOHIDEEN, “Critical steps
in data analysis for precision casimir force measurements with semi-
conducting films,” International Journal of Modern Physics A, vol. 26,
no. 22, pp. 3900–3909, 2011.
[113] R. Siegel and J. Howell, Thermal Radiation Heat Transfer. Taylor and
Francis, 2001.
[114] A. Narayanaswamy and N. Gu, “Heat transfer from freely suspended bi-
material microcantilevers,” Journal of Heat Transfer, vol. 133, p. 042401,
2011.
[115] F. Tricomi, “Integral equations, 1957,” Interscience, New York.
[116] K. Sasihithlu and A. Narayanaswamy, “Proximity effects in radiative
heat transfer,” Phys. Rev. B, vol. 83, p. 161406, 2011.
[117] M. Reid, J. White, and S. G. Johnson, “Fluctuating surface currents:
A new algorithm for efficient prediction of casimir interactions among
arbitrary materials in arbitrary geometries. i. theory,” arXiv preprint
arXiv:1203.0075, 2012.
BIBLIOGRAPHY 112
[118] A. Narayanaswamy and G. Chen, “Surface modes for near field ther-
mophotovoltaics,” vol. 82, pp. 3544–3546, 2003.
[119] S.-A. Biehs, E. Rousseau, and J.-J. Greffet, “Mesoscopic description of
radiative heat transfer at the nanoscale,” Phys. Rev. Lett., vol. 105,
pp. 234301–, Dec. 2010.
[120] T. Kralik, P. Hanzelka, M. Zobac, V. Musilova, T. Fort, and M. Ho-
rak, “Strong near-field enhancement of radiative heat transfer between
metallic surfaces,” Phys. Rev. Lett., vol. 109, pp. 224302–, Nov. 2012.
[121] W. Mu¨ller-Hirsch, A. Kraft, M. T. Hirsch, J. Parisi, and A. Kittel, “Heat
transfer in ultrahigh vacuum scanning thermal microscopy,” vol. 17,
pp. 1205–1210, 1999.
[122] A. Kittel, W. Muller-Hirsch, J. Parisi, S. Biehs, D. Reddig, and
M. Holthaus, “Near-field heat transfer in a scanning thermal micro-
scope,” vol. 95, p. 224301, 2005.
[123] A. Kittel, U. F. Wischnath, J. Welker, O. Huth, F. Ruting, and S.-A.
Biehs, “Near-field thermal imaging of nanostructured surfaces,” Appl.
Phys. Lett., vol. 93, pp. 193109–3, Nov. 2008.
[124] P. J. van Zwol, L. Ranno, and J. Chevrier, “Tuning near field radiative
heat flux through surface excitations with a metal insulator transition,”
Phys. Rev. Lett., vol. 108, pp. 234301–, June 2012.
[125] A. W. Rodriguez, O. Ilic, P. Bermel, I. Celanovic, J. D. Joannopoulos,
M. Soljacˇic´, and S. G. Johnson, “Frequency-selective near-field radiative
heat transfer between photonic crystal slabs: A computational approach
for arbitrary geometries and materials,” Phys. Rev. Lett., vol. 107,
p. 114302, Sep 2011.
BIBLIOGRAPHY 113
[126] B. Derjaguin, “Untersuchungen ber die reibung und adhsion, iv.,”
Kolloid-Zeitschrift, vol. 69, no. 2, pp. 155–164, 1934.
[127] H. Gies and K. Klingmuller, “Casimir effect for curved geometries:
Proximity-force-approximation validity limits,” Phys. Rev. Lett., vol. 96,
p. 220401, 2006.
[128] D. E. Krause, R. S. Decca, D. Lo´pez, and E. Fischbach, “Experimental
investigation of the casimir force beyond the proximity-force approxima-
tion,” Phys. Rev. Lett., vol. 98, pp. 050403–, Jan. 2007.
[129] C. D. Fosco, F. C. Lombardo, and F. D. Mazzitelli, “Proximity force
approximation for the casimir energy as a derivative expansion,” Phys.
Rev. D, vol. 84, pp. 105031–, Nov. 2011.
[130] D. A. R. Dalvit and R. Onofrio, “On the use of the proximity force
approximation for deriving limits to short-range gravitational-like in-
teractions from sphere-plane casimir force experiments,” Phys. Rev. D,
vol. 80, pp. 064025–, Sept. 2009.
[131] A. P. M. Vladyslav A. Golyk, Matthias Krger and M. Kardar, “Small
distance expansion for radiative heat transfer between curved objects,”
EPL (Europhysics Letters), vol. 101, no. 3, pp. 34002–, 2013.
[132] A. Narayanaswamy and Y. Zheng, “A green’s function formalism of en-
ergy and momentum transfer in fluctuational electrodynamics,” Journal
of Quantitative Spectroscopy and Radiative Transfer, 2013.
[133] K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati, and J.-J. Greffet,
“Surface electromagnetic waves thermally excited: Radiative heat trans-
fer, coherence properties and Casimir forces revisited in the near field,”
Surf. Sci. Rep., vol. 57, pp. 59 – 112, 2005.
BIBLIOGRAPHY 114
[134] C. Henkel, K. Joulain, J.-P. Mulet, and J.-J. Greffet, “Coupled surface
polaritons and the Casimir force,” vol. 69, p. 23808, 2004.
[135] E. M. Lifshitz, “The theory of molecular attractive forces between
solids,” Sov. Phys. JETP, vol. 2, p. 73, 1956.
[136] M. Paulus, P. Gay-Balmaz, and O. J. F. Martin, “Accurate and efficient
computation of the greens tensor for stratified media,” Phys. Rev. E,
vol. 62, pp. 5797–5807, Oct. 2000.
[137] V. A. Parsegian and W. M. Gelbart, “Van der waals forces: A handbook
for biologists, chemists, engineers, and physicists,” Phys. Today, vol. 59,
pp. 52–52, Aug. 2006.
[138] W. Broer, G. Palasantzas, J. Knoester, and V. B. Svetovoy, “Rough-
ness correction to the casimir force beyond perturbation theory,” EPL
(Europhysics Letters), vol. 95, no. 3, p. 30001, 2011.
[139] C. Canetta and A. Narayanaswamy, “Sub-picowatt resolution calorime-
try with a bi-material microcantilever sensor,” Applied Physics Letters,
vol. 102, no. 10, pp. 103112–103112–4, 2013.
[140] A. Sushkov, W. Kim, D. Dalvit, and S. Lamoreaux, “Observation of the
thermal casimir force,” Nature Physics, vol. 7, no. 3, pp. 230–233, 2011.
